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ABSTRACT
Author: Hoover, Gary Michael, DVM, PhD
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Title: Effects of Per/Polyfluoroalkyl Substances on Larval Amphibians
Major Professor: Maria S. Sepulveda

Per/polyfluoroalkyl substances (PFAS) are a group of persistent organic pollutants of emerging
concern. Widespread use, along with volatility of some PFAS, has led to global distribution in
soils and surface waters. The chemical stability of these compounds assures persistence in the
environment, with effects unknown to much of the chronically-exposed biota. Many toxicology
studies implicate PFAS in disruption of the hypothalamus-pituitary-thyroid (HPT) axis, which is
known to play a major role in control of metamorphosis in amphibians. Thus, amphibians
represent a class of organisms that may be susceptible to sub-lethal effects of PFAS exposure.
Three main aims were accomplished to improve our understanding of the effects of these
chemicals on larval amphibians. First, kinetics and bioaccumulation of PFAS in live animal
tissues exposed in vivo were examined to understand uptake and depuration in the environment.
Next, the effects of PFAS exposure on growth, development, and time to metamorphosis during
a chronic exposure at environmentally relevant concentrations were evaluated and dose-response
relationships constructed. Finally, the effects of mixtures of PFAS compounds were evaluated
for synergistic or antagonistic effects in vitro.
For in vivo experiments on PFAS uptake, bioconcentration, and sublethal effects, three model
species were used: northern leopard frogs (Rana pipiens), eastern tiger salamanders (Ambystoma
tigrinum), and American toads (Anaxyrus americanus). Four environmentally relevant PFASs
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were chosen for these aqueous exposures: perfluorooctane sulfonate (PFOS), perfluorooctanoic
acid (PFOA), perfluorohexane sulfonate (PFHxS), and 6:2 fluorotelomer sulfonate (6:2 FTS). All
four compounds are found in part-per-billion (ppb) levels in groundwater at the federally
impacted site of Wurtsmith Air Force Base in Iosco County, Michigan, following decades of
fire-fighting training and use of aqueous film-forming foams (AFFFs). Instances of
contamination in both surface and ground waters with these compounds have been documented
globally.
For in vitro experiments, an amphibian fibroblast cell line (“Speedy cell”) was used. These cells
were isolated from the hind limb bud of Xenopus during metamorphosis, and represent the most
relevant available cultured cell for amphibian studies. In these experiments, cell viability
following a 48-hour exposure to PFASs was determined using the MTT assay. Single-chemical
exposures defined an IC50 for each compound; these IC50 values were then used to determine
mixture ratios. Binary mixtures of various PFASs were then tested at varying levels and
isobolograms were constructed, looking for synergistic or antagonistic effects of the
combinations.
In sum, PFAS are an important group of contaminants capable of significant bioaccumulation
and effects on growth at environmentally relevant levels. However, not all PFAS are of equal
concern, as bioconcentration and sub-lethal effects on growth and development are dependent on
the exposure chemical. Of the chemicals examined, PFOS was the only one to show significant
bioconcentration, while all of the chemical tested resulted in negative sub-lethal effects in at least
one species. Not all species respond to PFAS exposure in the same manner, but it seems that
amphibians with longer larval stages may be the most at-risk species for sub-lethal toxicity. This
is best shown in salamanders, which were overall the most sensitive of the three species tested.
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All species are capable of bioconcentration, most notably of PFOS, which may have far-reaching
implications in management of the many wildlife species that utilize amphibians as a food
source. Finally, while the exact mechanisms of PFAS toxicity is still not fully understood, the
exposure to mixtures may yield detrimental effects at concentrations below single chemical
exposures, particularly if those mixtures contain (as most do) both PFOA and PFOS.
Importantly, this may decrease the threshold of toxicity for compounds that are abundant, varied,
and persistent in the environment.
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CHAPTER 1. INTRODUCTION

1.1 Per/polyfluoroalkyl Substances (PFASs)
Man-made chemical contaminants in the environment are a topic of much conversation
on the local, national, and global levels. Subtle toxic effects, such as alterations of endocrine
(hormone) systems, are being recognized for many emerging contaminants, prompting to
regulatory action and, potentially, mitigation efforts. One class of chemicals of emerging concern
associated with endocrine disruption are per/polyfluoroalkyl substances (PFASs) (Jensen &
Leffers, 2008; Thibodeaux et al., 2004; Melzer et al., 2010). This family of chemicals includes a
number of common anthropogenic compounds which have been used worldwide in a variety of
applications, resulting in global contamination (Zhang et al., 2016; Ahrens et al., 2015). This
class of chemicals is extensive and contains many sub-groups, but the basic chemical structure of
many PFASs consists of a fluorocarbon chain with a functional group at the end of the molecule,
as seen in Figure 1.1. Most PFASs are acids, and may exist in the environment as their
protonated or, much more commonly, anionic forms, depending on the individual properties of
the chemical and the environment (Buck et al., 2011). Many variations of PFASs exist, with
differences in carbon chain length, presence of branching, degree of fluorination (per- vs. polyfluorinated), and differences in functional group (common moieties include sulfonate or
carboxylate groups), among others. Sources of PFASs are numerous, but many environmental
sites of high contamination are near industrial sites with fluorochemical usage (Möller et al.,
2010), wastewater treatment plants (Clara et al., 2008), areas of biosolids application (Clarke &
Smith, 2011), and areas with excessive use of aqueous film-forming foams (AFFFs) (Moody et
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al., 2003). Use of AFFFs is generally around military bases, as these mixtures are used to
extinguish jet fuel fires and are frequently used for practice fighting such fires (Kissa, 1994).
Areas of AFFF contamination have gotten attention recently due to several PFASs being
measurable in part-per billion levels in groundwater (Moody et al., 2003). The presence of these
chemicals in groundwater is further compounded by their resistance to degradation in nature.
Indeed, Liou et al. (2010) reported that, despite conditions deemed favorable for defluorination,
perfluorooctanoic acid (PFOA) was microbiologically inert.
The majority of work in this dissertation was funded by the Strategic Environmental
Research and Development Program (SERDP), a branch under the US Department of Defense.
As such, understanding the impacts of PFAS contamination at sites of heavy AFFF use is one of
the main goals of the larger project. Many sites have PFAS concentrations above the recent EPA
guidelines, including Wurtsmith Air Force Base in Iosco County, Michigan, where PFOS and
PFOA measure up to 69 and 220 parts per billion, or ppb (Moody et al., 2003). These two wellstudied PFASs have both been associated with various toxic effects, including thyroid disruption
(Melzer et al., 2010). The risk of toxicity is such that the EPA has established health advisory
levels in drinking water for both PFOA and PFOS, which, combined, should not exceed a
concentration of 70 parts per trillion, or ppt (Environmental Protection Agency, 2016a & 2016b).
In sum, PFASs are a set of persistent organic pollutants capable of endocrine disruption which
can result in toxicity.
1.2 Amphibians in Decline
Amphibian populations are in decline across the globe, with nearly 1 in 3 amphibian
species listed as threatened or endangered by the International Union for Conservation of Nature
(Baillie et al., 2004). In addition, an estimated 43% of species are currently experiencing

3
population declines (Stuart et al., 2004). While this would be an alarming statistic for any taxa,
these species are particularly important for several reasons. First, amphibians play a vital role in
food webs, linking aquatic and terrestrial environments (Wells, 2007). They are also especially
valued in their use as an indicator species for ecosystem health (Carignan & Villard, 2002). A
number of factors have contributed to the decline of many species, from habitat destruction and
introduction of exotic species, to climate change and infectious disease (Collins & Crump, 2009).
Another important cause of decline frequently cited is presence of contaminants in the
environment. Pesticides, heavy metals, and fertilizers have all been implicated in amphibian
decline; beyond this, recent research has looked closely at the effects of endocrine disrupting
chemicals in the environment (Blaustein et al., 2003; Collins, 2010).
Many studies on this front consider disruption of reproduction by chemical
contamination, as this more directly affects population levels. However, contaminant-induced
alteration of other endocrine systems is possible. For amphibians, disruption of thyroid
homeostasis, particularly near the timing of metamorphosis, by environmental contaminants is an
extremely important consideration, as thyroid hormones regulate the progression of
metamorphosis in many species (Allen, 1938). As an animal nears this complex physiological
process, maturation of the thyroid gland, rising levels of circulating thyroid hormones (Dodd &
Dodd, 1976) and concurrent production of thyroid hormone receptors (Yaoita & Brown, 1990)
drive when the animal moves from an aquatic larva to a terrestrial juvenile. In addition,
corticosteroids play a role in the variable timing of metamorphosis (Denver, 1997).
Environmental contaminant exposure that changes levels of circulating thyroid hormones or
corticosteroids can accelerate or retard this process (Mann et al., 2009), thus potentially resulting
in wild populations that are reaching metamorphosis at an unusual time. Normal amphibian
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metamorphosis is predominantly driven by growth rates and resource availability (Wilbur &
Collins, 1973). Alteration of timing by chemical contaminants adversely affects populations by
placing the physiologically demanding metamorphosis at a time when resource levels are
inappropriate for the process. Therefore, understanding of the potential of contaminants to
disrupt thyroid homeostasis is essential for the protection of amphibians.
1.3 Significance of Research
This dissertation combines the two factors outlined above: amphibian species and
contamination of PFASs. The nearly ubiquitous contamination of PFASs, which are capable of
disrupting thyroid homeostasis, is certainly a major concern relative to amphibians, whose
metamorphosis is dependent on proper regulation of thyroid hormone. In addition, cytotoxicity
has been demonstrated by several mechanisms in vitro, which may contribute to sub-lethal
effects in vivo (Kleszczyński et al., 2009). Thus, understanding how environmental
contamination and uptake/exposure are related, determining what species may be most at-risk
and what the effects of exposure may be, are all important considerations. Further, exposure to
PFASs is rarely a single-chemical exposure, and thus, considering effects of mixtures is also
necessary. However, evaluating the numerous potential mixtures in vivo is difficult due to time,
financial, and ethical constraints; therefore, an in vitro model was utilized to begin examining the
effects of mixtures.
Chapter two examines the uptake and depuration of four PFASs in tadpoles of the
northern leopard frog, Rana pipiens. All four PFASs used in this study were found in part-perbillion concentrations at several military bases, and were tested in this experiment at multiple
concentrations within this range (i.e., environmentally relevant concentrations were used).
Tadpoles were exposed to water contaminated by a single PFAS and sampled at regular
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intervals. Whole body burden levels were quantified for each chemical and treatment group.
After 40 days of exposure, animals were moved to clean water and sampling continued at regular
intervals for an additional 30 days while animals depurated. Morphologic data (length,
developmental stage) were collected at each sampling point during exposure to begin examining
the sub-lethal effects of PFAS exposure. Mortality was limited during the experiment and
unrelated to exposure. Uptake and depuration rates were rapid, with half-lives in the order of a
few days and notably lower than other aquatic taxa including fish. Of the four compounds tested,
PFOS was found to bioconcentrate to the greatest degree, nearly 100-fold above the other
PFASs. Accumulation and bioconcentration of the other three PFASs tested were within an order
of magnitude of each other. Morphologically, length was unaffected by PFAS exposure, but
those tadpoles exposed to PFOS and perfluorohexane sulfonate (PFHxS) were found to be
developmentally delayed.
Chapter three takes a closer look at sub-lethal effects of PFAS exposure on two different
species of amphibians: eastern tiger salamanders (Ambystoma tigrinum) and American toads
(Anaxyrus americanus). The same four PFASs were tested at the same nominal exposure
concentrations for 31 days (salamanders) or to the climax of metamorphosis (toads), defined as
approximate Gosner stage 43-44. In addition, concurrently with the leopard frog study in chapter
two, both species were exposed via contaminated water and tested for PFAS uptake for 40
(salamanders) or 35 days (toads). As with leopard frogs, only PFOS was found to bioconcentrate
while the other PFASs tested did not result in significant accumulation above the ambient
exposure concentration. Uptake rates were rapid, again similar to what was observed with
leopard frogs. More detailed morphologic data was taken, including length, mass, body
condition, and (where applicable) time to metamorphosis and developmental stage. American
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toads did not show any adverse effects due to exposure, regardless of exposure PFAS or dose.
Tiger salamanders, by contrast, had decreased body condition, particularly notable at low
exposure doses of PFOA and PFHxS. Decreased body condition was also found at the higher
doses of 6:2 fluorotelomer sulfonate (6:2 FtS). Despite showing significantly higher
bioconcentration, PFOS alone did not result in significantly reduced body condition.
Chapter four uses an in vitro model to test the cytotoxic effects of PFAS exposure singly
and in binary mixtures. The model chosen was the “Speedy Cell,” an amphibian fibroblast cell
line, as it is one of the only amphibian cell models available. Cytotoxicity was tested using the
MTT assay, which utilizes mitochondrial function as a proxy for cell viability. Dose-response
curves were constructed based on single-chemical exposure data and concentrations resulting in
50% inhibition (IC50) were determined for each PFAS. Binary mixtures were then tested, making
new dose-response curves for one chemical while the other was held at a constant exposure level.
The IC50 values derived from these exposures were then plotted onto an isobologram. The
resulting figures were examined for sub-additivity (inhibition), additivity, or super-additivity
(synergism) of mixtures. Binary mixtures were approximately additive for most mixtures, though
the combination of PFOA and PFOS showed weak synergism.
The research presented herein provides an important first look into how amphibians may
be affected by exposure to PFASs. Concern for bioaccumulation should foremost consider
PFOS, as this compound significantly bioconcentrates, which will result in higher exposure to
other species in the food web, particularly larval amphibian predators such as fish and birds.
Toxicokinetics of PFASs are more rapid in larval amphibians than in other taxa, including fish.
All PFASs examined resulted in statistically significant adverse effects on at least one species of
amphibian, with PFHxS negatively affecting both leopard frog development and tiger
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salamander body condition. No adverse sub-lethal effects were noted in the rapidly developing
American toad tadpoles, yet nearly all treatments tested resulted in some level of decreased body
condition of the long-larval period salamanders. This may indicate a sensitivity to aqueous PFAS
exposure based on the length of the larval period, or an important difference in susceptibility due
to species. Use of a cell culture model provides useful data on cytotoxicity of PFASs, one where
mixture effects can be more rapidly assessed. The combination of PFOS and PFOA resulted in
significant synergism, while all other combinations were found to have additive cytotoxicity.
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Figure 1.1. Structural diagrams of some common PFASs, including all those used for in vivo
experiments described later in this dissertation (See Chapters 2 and 3).
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CHAPTER 2. UPTAKE AND DEPURATION OF FOUR
PER/POLYFLUOROALKYL SUBSTANCES (PFASS) IN NORTHERN
LEOPARD FROG RANA PIPIENS TADPOLES

Reproduced from:
Hoover, G. M., Hoover, G. M.; Chislock, M. C.; Tornabene, B. J.; Guffey, S. C.; Choi, Y. J.; De
Perre, C.; Hoverman, J. T.; Lee, L. S.; Sepúlveda, M. S. Uptake and depuration of four
per/polyfluoroalkyl substances (PFASs) in northern leopard frog Rana pipiens tadpoles. Environ.
Sci. Technol. Lett. 2017, 4 (10) 399-403, DOI: 10.1021/acs.estlett.7b00339.
2.1 Abstract
Per/polyfluoroalkyl substances (PFASs) are persistent organic contaminants that are
ubiquitous in surface waters. To date, their effects on aquatic systems, especially amphibians, are
poorly understood. We examined the uptake and depuration of perfluorooctane sulfonate
(PFOS), perfluorohexane sulfonate (PFHxS), perfluorooctanoic acid (PFOA), and 6:2
fluorotelomer sulfonate (6:2 FTS) in northern leopard frog (Rana pipiens) tadpoles. Whole-body
concentrations were examined every 10 d during constant aqueous exposure to targeted
concentrations of 10, 100, and 1000 µg/L for 40 d and for 30 d during depuration. Effects of
PFAS exposure on length and development were also examined. Rapid uptake led to steady state
concentrations by 10 d for most exposures. PFOS accumulated to the highest levels with wholebody bioconcentration factor (BCF) values at 40 d ranging from 19.6-119.3. The remaining
PFASs were not found to bioconcentrate (BCF < 1.0 at 40 d). Furthermore, some BCF values
decreased during the exposure phase, suggesting dilution due to growth and/or changes in
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toxicokinetics over ontogeny. During depuration, half-lives ranged from 1.2-3.3 d for all
compounds. All PFASs tended to induce developmental delays, though statistical significance
was only seen for PFOS and PFHxS. These sub-lethal effects observed at environmentally
relevant concentrations are concerning and merit further study.
2.2 Introduction
Per/polyfluoroalkyl substances (PFASs) have been used in a variety of industries and
commercial products, along with use as a component of hydrocarbon fire-fighting foams, which
has led to their global distribution.(Lu et al., 2015; Zhang et al., 2016; Ahrens et al., 2015)
Contamination of both surface waters and groundwater with PFASs has been well documented,
with perfluorooctane sulfonate (PFOS) concentrations reaching 121 ng/L in Lake Ontario
(Boulanger et al., 2004), 226 ng/L in the Mississippi River (Nakayama et al., 2010), and 120
µg/L in a well from the impacted Federal site of Wurtsmith Air Force Base (Moody et al., 2003).
The same well at Wurtsmith had many other PFASs at high concentrations including
perfluorooctanoic acid (PFOA, 220 µg/L), perfluorohexane sulfonate (PFHxS, 260 µg/L), and
6:2 fluorotelomer sulfonate (6:2 FTS, 46 µg/L). Despite the prevalence of PFASs, accumulation
and toxicity are poorly understood for some of these compounds.
The structure and chemistry of PFASs make them highly resistant to degradation,
resulting in extensive potential for bioaccumulation and toxicity (Sinclair et al., 2006; Rahman et
al., 2014). While bioconcentration and biomagnification of PFOS has been shown across
multiple trophic levels (Kannan et al., 2005), these studies are missing for many other PFASs.
Additionally, toxicity within aquatic systems is poorly understood. A few studies undertaken
with model fish species, including zebrafish (Danio rerio) and rainbow trout (Oncorhynchus
mykiss), describe toxicity, uptake and bioaccumulation (Sharpe et al., 2010)., 11 In zebrafish,

15
toxicity is positively correlated with chain length as well as functional group, with sulfonates
more toxic than carboxylates (Ulhaq et al., 2013).
Other aquatic taxa, especially amphibians, have been largely overlooked. Amphibians
have an important role ecologically, utilizing both aquatic and terrestrial environments and
provide an important prey base in each (Wells, 2007).2 Amphibians are also frequently used as
indicator species for ecosystem health (Carignan & Villard, 2002). Importantly for their study in
conjunction with PFAS exposure, amphibian metamorphosis is under the control of thyroid
hormone (Brown et al., 1996), one of the systems most commonly identified as a target of PFAS
toxicity (Thibodeaux et al., 2003; Melzer et al, 2010).
The primary objective of this study was to examine the uptake and depuration kinetics of
four PFASs in northern leopard frogs, Rana pipiens. We investigated the differences in kinetics
based on exposure concentration (10, 100, and 1000 μg/L) and chemical, with special attention to
the time to steady state concentrations. We defined steady state as the time after which there is
no statistically significant increase in body burden. Also, given the potential influence of PFASs
on amphibian metamorphosis, we tested for sublethal effects of exposure on tadpole
development and size. We hypothesized that longer chain lengths and the presence of a sulfonate
group versus a carboxylate would lead to higher accumulation and increased toxicity as was
observed in zebrafish embryos by Ulhaq et al. (2013).
2.3 Experimental
Study animals and husbandry. Eight northern leopard frog egg masses were collected
during early spring (March 2016) from a temporary pond at the Purdue Wildlife Area in West
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Lafayette, IN, and randomly assigned to outdoor ~100 L wading pools. After hatching, larvae
were checked daily for mortality and fed Purina® Rabbit Chow ad libitum.
Chemicals and stock solutions. All perfluoroalkyl substances were purchased from
Sigma-Aldrich (PFOA 96%, PFOS and PFHxS ≥98%); 6:2 FTS was purchased from SynQuest
Laboratories. For chemical analyses, mass-labeled M8-PFOA, M8-PFOS, M3-PFHxS and M26:2 FTS solutions purchased from Wellington Laboratories were used. Stock solutions consisted
of 1 g of chemical dissolved in 1 L (PFOA, PFHxS), 2 L (PFOS) or 5 L (6:2 FTS) of Milli-Q
water, then vacuum-filtered (Whatman, ashless, Grade 40) before storage in polycarbonate
bottles. We adjusted PFOA and 6:2 FTS stock solutions to pH 6.95-7.05 with sodium hydroxide.
Experimental design and procedures. Treatments consisting of control and exposure to
each of the four PFASs at three concentrations (nominally 10, 100, and 1000 µg/L) were placed
in two replicates on adjacent shelves within an environmental chamber. Experimental units
consisted of 15-L plastic aquaria filled with 7.5 L of filtered, UV-irradiated well water. Tadpoles
(n=35 per aquarium) were randomly assigned to the experimental units. Prior to addition to
aquaria, a subset of animals was examined to confirm development at Gosner stage 26 – when
hind limb buds start to develop (Gosner, 1960). Tadpoles with visible irregularities in
morphology, coloration, or behavior were excluded. Animals were maintained at 20 ± 2 ºC with
a 12 h/12 h light/dark photoperiod for 10 days to acclimate to indoor conditions, and were fed a
Tetramin® slurry ad libitum. Water changes were conducted every 4 d.
Tadpoles were exposed for 40 d using a static renewal approach with all water changed
every 4 d. Animals were monitored daily for mortality and abnormalities. A water sample (~ 5
mL) was taken immediately prior to and after each water change to monitor concentration of test
chemicals. Every 10 d, six animals were randomly collected from each aquarium. The animals
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were euthanized (800 mg/L buffered MS-222), measured (total length at 10 d, snout-vent length
otherwise), and staged (Gosner) prior to storage at -20 ºC for chemical analyses.
After 40 d, the depuration phase was initiated by removing animals, cleaning each
aquarium with a methanol-soaked sponge and rinsing to remove adsorbed compound. Aquaria
were refilled with clean water, animals were returned to the same aquarium and monitored as
described above. Water changes were carried out every 4 d with fresh water and a water sample
was taken prior to each water change. Two tadpoles were sampled every 10 d for an additional
30 d.
Analytical procedure. Depending on available wet weight, whole body burdens were
quantified from 2 or 3 pooled tadpole samples (n = 3 for first two samples and n = 2 for
remaining samples). Prior to chemical analysis, samples were lyophilized for ~24 h and dry
weight measured. After transfer to 1.5 mL microcentrifuge tubes, tadpoles were spiked with 20
µL of an internal standard solution in methanol (about 250 ng/mL of each mass-labeled PFAS).
Extraction was performed by adding tetrahydrofuran (THF, 600 µL) and water (200 µL) with the
aid of glass beads and mechanical shaking (10 min), sonication (30 min) and centrifugation (20
min) following a modified method from Luque et al. (2010). The supernatant was transferred to a
1.5 mL glass injection vial, gently blown down with nitrogen, and solvent exchanged to a 500 µL
50:50 v/v methanol:water. This extract was vortexed and transferred to 1.5 mL microcentrifuge
tubes and centrifuged for 10 min. A fraction of the supernatant (200 µL) was transferred back to
the 1.5 mL glass injection vials and stored at 4 ºC until analysis.
Water samples (250 µL) were directly transferred to a 1.5 mL glass injection vial, and
230 µL of methanol and 20 µL of an internal standard solution in methanol were added (about
250 ng/mL of each mass-labeled PFAS). This sample was then vortexed and stored at 4 °C. At
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the highest concentration, 25 µL of samples and 225 µL of ultrapure water were transferred for
dilution with the usual amount of methanol and internal standard solution. For both water and
tissue samples, laboratory blanks and spiked control samples were prepared with each batch of
samples.
Analysis was performed using reverse-phase chromatography with two automated liquid
chromatography mass spectrometry (LC-MS/MS) systems which were coupled to either an AB
Sciex TripleTOF 5600 (animal and some water samples) or an AB Sciex 3000 triple quadrupole
MS (remaining water samples). The mobile phase was a gradient of 0.15% acetic acid in water
and 20 mM ammonium acetate in methanol. Instrument control was managed via Analyst TF1.7
and Analyst 1.4.2 software for the 5600+ and the 3000, respectively, and all data were processed
in Multiquant 3.0.1. Additional details are provided in the supplemental information (SI).
Data and statistics. Aquarium means were calculated on days 10, 20, 30, and 40 for each
response variable (i.e., dry weight body burdens, bioconcentration factor (BCF), length, and
Gosner stage). Body burden data was log-transformed prior to analysis to achieve normality. For
accumulation data (body burden and BCF), repeated-measures analysis of variance (rmANOVA) assessed the effect of chemical, exposure concentration, and their interaction. For each
treatment, we used one-way ANOVA to test for steady state, assessing the effect of time on body
burden. Treatments with significant effects of time were further examined by Tukey’s means
comparisons to clarify when steady state was reached. For morphometric data (length and
Gosner stage), we used rm-ANOVA to assess the effect of chemical and concentration
individually. In cases of statistical significance, one-way ANOVA examined the effect of
chemical or concentration at 40 d. Coupled with Tukey’s means comparisons, this test
determined which individual treatments had a significant effect. Statistical analyses were carried
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out in JMP 12, Graphpad Prism 7 and SPSS. Reported BCF values are the ratio between wet
weight PFAS concentrations (ng/g) and PFAS water exposure concentrations (µg/L). Wet weight
PFAS concentrations were calculated by multiplying the dry weight concentration by % dry
matter. For water concentrations, we used mean concentrations over the entire exposure period.
During depuration, many values for body burden were below the limits of quantification (LOQ),
in which case an estimate of half the LOQ factored into curve fitting. Best fit first-order decay
curves determined decay constants and half-lives. Laboratory contamination nullified the final
PFOA-exposed depuration sample; decay constants were calculated over a shorter period (20 d
vs. 30 d).
2.4 Results and Discussion
Water concentrations. PFAS water concentrations were nearly constant throughout the
exposure period (Figure S2.1). Average concentrations across the entire exposure period were
within 25% of the targeted nominal concentrations for all treatments except for 6:2 FTS which
ran ~40% above nominal. Control water samples consistently contained PFAS concentrations
below the LOQ of ~0.22 µg/L.
Water samples at the first water change during the depuration period (44 d) showed
measurable compounds in only the highest (1,000 µg/L, all compounds) or middle (100 µg/L,
PFOS only) exposure concentrations. Measured concentrations were several orders of magnitude
below exposure concentrations (0.98-6.9 µg/L), and PFAS concentrations fell below the LOQ in
all treatments after the second water change (48 d).
Accumulation. Whole body burdens were found to be dose and chemical dependent (See
Table S2.5 for statistics). As in trout (Falk et al., 2015), the highest body burdens were found
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following exposure to PFOS (Figure 2.1A). The remaining chemicals all reached concentrations
approximately two orders of magnitude below PFOS (Figure 2.1B, 2.1C, 2.1D). Steady state
concentrations were achieved by 10 d for all compounds and exposures except the highest doses
(1000 g/L) of PFOA and PFHxS, which peaked at 20 d. Low dose exposures of PFOA and
PFHxS resulted in highest body burdens at 10 d with a significant decrease by 30 d. This decline
could be attributable to physiological and anatomical changes during development, such as a
maturation of organs (e.g. liver or kidney) involved in xenobiotic excretion. Increased
hydrophobicity due to chain length and sulfonate group, as previously suggested (Ulhaq et al.,
2013), may explain the lack of decline seen in PFOS. Further work on tissue distribution and
mechanisms of excretion of PFASs by tadpoles is warranted.
Bioconcentration. Whole-body BCFs mirrored body burden uptake patterns with
maximum values or steady state reached by 10 d. Bioconcentration was greatest for PFOS with
whole-body BCFs ranging from 19.6-148.7 (Figure 2.2A). The remaining compounds had
maximum BCF values below 10 and all were below one by 30 d (Figure 2.2B, 2.2C, 2.2D). This
range in BCF is approximately two orders of magnitude lower than for an environmentallyexposed fish population (Ahrens et al., 2015). Bioconcentration factors for PFOA in adult
zebrafish range from 20-30 (Ulhaq et al., 2015), again notably higher than the values found here
in tadpoles. These differences may be attributable to the greater permeability of amphibian skin,
which permits high flux of water and solutes through the animal.12 Importantly, these BCF
values for PFOS are well below the threshold of 1,000 for the USEPA definition of
“bioaccumulative”, potentially limiting regulatory action (Arnot & Gobas, 2006).
Depuration. Depuration was rapid for all chemicals (Figure 2.1). Based on whole body burdens,
we calculated first-order elimination constants and half-lives for each treatment group. Half-
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lives ranged from 1.2-3.3 days (Table S2.4). Due to rapid depuration and a wide sampling
interval, half-lives for non-PFOS treatments are based partially on estimated values and should
be interpreted carefully. However, these pilot-level depuration rates and half-lives correspond
well with rapid uptake and steady state achieved in 10 d.
Few studies have examined the kinetics of PFASs in amphibians, and only Ankley et
al.(2004) looked at bioconcentration (PFOS only) in larval amphibians. As observed by Ankley
et al. (2004), we found rapid uptake of PFASs. Our sampling regimen, however, did not allow
for the detection of the initial, steep alpha uptake curve observed in fish (Huang et al., 2010).
Likewise, sampling during depuration did not yield values that permit statistical comparison
between compounds. Overall, though, the kinetics of PFASs in northern leopard frog tadpoles
are faster when compared to adult zebrafish, with steady state reported for PFOA in 20-30 d and
half-lives ranging from 10-14 d for PFOA to over 40 d for PFOS (Ulhaq et al., 2015; Martin et
al., 2003). We suspect that the flux of PFASs through the skin is driving the differences
observed; other routes of excretion (biliary, renal, gill clearance) are likely comparable between
tadpoles and fish. These values are still much lower than those in mammals, with half-life of
PFOA in humans estimated at 3 years (Steenland et al., 2010).
Survival, growth & development. Only sub-lethal effects were observed for tadpoles, as
survival for all treatments was above 90%. Length and development trended below controls for
nearly all exposures (Figure 2.3, SVL Figure S2.2). Chemical had a statistically significant effect
for both response variables, and exposure concentration also had a significant effect on
development (Table S2.5). This developmental delay was apparent for the higher (100 and 1000
µg/L) exposures of PFOS and all exposures of PFHxS at day 40 (Figure 2.3A & 2.3C, Table
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S2.5). Delayed development (demonstrated as increased time to metamorphosis) has previously
been shown only at higher exposure concentrations (3,000 µg/L) of PFOS (Ankley et al., 2004).
This is the first study to show sublethal effects of PFHxS on amphibians. This was
surprising as this C6 chemical was thought to be less toxic than C8 PFASs (OECD, 2013). Given
that the effects on development were observed at environmentally relevant concentrations (10
µg/L) and several orders of magnitude below previously reported effects of PFOS (Ankley et al.,
2004), future studies should examine the sublethal effects of PFHxS on other taxa.
These results confirmed our hypotheses regarding chain length and functional group:
significant developmental delay was seen with sulfonates and not the carboxylate, and the longer
chain sulfonate was more accumulative. However, the trends seen in this study suggest that
effects may be seen with all chemicals studied, regardless of body burden. As such, the
widespread contamination of surface waters with PFASs could pose a significant concern to
aquatic communities and ecosystems.
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Figure 2.1. Whole-body accumulation and depuration concentrations (ng/g dry weight) of each
of the tested compounds. Depuration began at day 40 of the experiment (grey background). Error
bars correspond to standard error; some error bars are obscured by symbols. Time points denoted
with “a” signify a significant (p < 0.05) increase from day 10 body burden in the 1000 µg/L
treatment group. Time points with a “b” signify a significant decrease below day 10 body burden
in the 10 µg/L treatment group. Time points with a “c” denote a significant decrease relative to
day 10 body burden in both the 10 and 100 µg/L treatments. PFOA = perfluorooctanoic acid,
PFOS = perfluorooctane sulfonate, PFHxS = perfluorohexane sulfonate, 6:2 FTS = 6:2
fluorotelomer sulfonate.
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Figure 2.2. Bioconcentration factor (BCF) over the course of exposure for all compounds tested.
Error bars correspond to standard error. Asterisks denote a significant change (p < 0.05) from the
BCF at day 10. PFOA = perfluorooctanoic acid, PFOS = perfluorooctane sulfonate, PFHxS =
perfluorohexane sulfonate, 6:2 FTS = 6:2 fluorotelomer sulfonate.
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Figure 2.3. By-chemical average Gosner stage over the course of exposure. Error bars
correspond to standard error. Asterisks signify significant difference (p < 0.05) in one-way
ANOVA from controls on that day. PFOA = perfluorooctanoic acid, PFOS = perfluorooctane
sulfonate, PFHxS = perfluorohexane sulfonate, 6:2 FTS = 6:2 fluorotelomer sulfonate.
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Table S2.1. MS/MS and MS parameters for TOF MS for analyte-dependent parameters
Mode
compounds

MS-MS
PFHx
S

PFO
A

6:2
FTS

PFOS

M3PFH
xS

MS
M8PFOA

M26:2
FTS

M8PFO
S

all

m/z
398.9 412.9
498.9
50426.97
401.95 420.99 428.97 506.96
precursor
3
6
3
550
m/z
99
219
81
99
99
223
81
99
N/A
product ion
ISVF
-3800 -3800 -3800 -4300
-3800
-3800 -3800
-3800
-3800
CE
-55
-20
-35
-55
-40
-20
-30
-50
-10
CES
0
0
0
5
15
10
10
15
N/A
DP
-80
-80
-80
-80
-80
-80
-80
-80
-80
IRD
33
64
68
33
30
33
68
33
N/A
IRW
13
25
27
13
12
13
27
13
N/A
Accumulati
on time
70
70
70
70
35
35
35
35
40
(ms)
ISVF (IonSpray voltage floating); CE (collision energy); CES(collision energy spread);
DP (declustering potential); IRD (ion release delay); IRW (ion release width); source in negative
ESI (electrospray) mode; source temperature maintained at 510 °C, curtain gas at 25 °C, GS1
and GS2 at 40 °C.
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Table S2.2. MS/MS parameters of the 3Q-MS/MS for analyte-dependent parameters.
mode
compounds
m/z precursor
m/z product
ion
CE
EP
DP
CXP
FP
Accumulation
time (ms)

PFHxS
399
399

MS-MS
PFOA
6:2 FTS
413
413
427
427

499

499

80

99

369

169

407

81

80

99

-65
-7
-50
-13
-160

-60
-7
-46
-13
-130

-20
-7
-50
-19
-140

-30
-6
-50
-13
-130

-40
-7
-48
-13
-160

-50
-7
-48
-11
-140

-70
-7
-52
-11
-150

-70
-7
-52
-15
-150

100

100

50

50

100

100

100

100

PFOS

mode
MS-MS
compounds
M3PFHxS
M8PFOA
M2-6:2 FTS
M8PFOS
m/z precursor
402
402
421
421
429
429
507
507
m/z product
80
99
376
172
81
409
80
99
ion
CE
-50
-50
-20
-30
-55
-55
-60
-60
EP
-7
-6
-7
-6
-6
-7
-7
-7
DP
-46
-50
-50
-50
-46
-48
-48
-48
CXP
-13
-11
-13
-17
-13
-11
-13
-15
FP
-160
-150
-180
-120
-120
-180
-170
-140
Accumulation
100
100
50
50
100
100
100
100
time (ms)
CE (collision energy); EP (entrance potential); DP (declustering potential); CXP (collision cell
exit potential); FP (focusing potential).
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Table S2.3. Average ± SD of percent recovery values of target chemicals extracted from tadpoles measured at 10 d of exposure.

PFHxS
Concentration
(ng/ml)

Mean

1
3
300
1000

105
75
94
84

±
±
±
±

PFOA

SD

RSD

Mean

6
5
5
2

6%
7%
5%
3%

89
79
88
78

SD
±
±
±
±

5
11
4
5

6:2 FTS
RSD
6
13
4
6

%
%
%
%

Mean
96
88
89
88

SD
±
±
±
±

22
16
6
9

PFOS
RSD
23
18
7
10

%
%
%
%

Mean
94
85*
95
82

SD
±
±
±
±

17
15
7
4

RSD
18
17
7
5

%
%
%
%

* n = 4, outlier removed because of likely contaminated sample
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Figure S2.1. Average water concentrations with 95% confidence intervals for the course of the
exposure period. PFOA = perfluorooctanoic acid, PFOS = perfluorooctane sulfonate, PFHxS =
perfluorohexane sulfonate, 6:2 FTS = 6:2 fluorotelomer sulfonate.
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Figure S2.2. Average snout-vent length (SVL) over the course of exposure. Error bars
correspond to one standard deviation above and below the mean. All compounds were
statistically significant over time (not unexpected given growth as larvae); no compounds were
significant considering treatment alone. Day 10 SVL values are estimated as 40% of the total
length. (A) PFOS = perfluorooctane sulfonate. (B) PFOA = perfluorooctanoic acid. (C) PFHxS =
perfluorohexane sulfonate. (D) 6:2 FTS = 6:2 fluorotelomer sulfonate.
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Table S2.4. Elimination constants, half-lives and 95% confidence interval (CI) for half-life for
four Per- and polyfluoroalkyl acids (PFAAs) in northern leopard frogs (Rana pipiens). In some
cases, elimination constant error allowed for calculation of only the upper limit for the 95% CI of
t1/2; these intervals are presented as a less-than value. PFOA = Perfluorooctanoic acid, PFOS =
perfluorooctane sulfonate, PFHxS = perfluorohexane sulfonate, and 6:2 FTS = 6:2 fluorotelomer
sulfonate.
Nominal Concentration (µg/L) Elim. constant (d-1) t1/2 (d) 95% CI of t1/2
N/Aa
10
N/Aa N/Aa
< 2.9
100
0.385
2.6
< 5.3
1000
0.649
1.5
(0.9, 9.6)
PFOS
10
0.312
2.2
(2.7, 4.2)
100
0.209
3.3
< 4.6
1000
0.305
2.3
N/Ab
PFHxS
10
N/Ab N/Ab
N/Ab
100
N/Ab N/Ab
(0.02, 4.5)
1000
0.838
0.8
< 2.2
6:2 FTS
10
0.404
1.7
(1.1, 3.1)
100
0.291
2.4
(1.1, 4.2)
1000
0.332
2.1
a
values nullified due to contamination.
b
values nullified due to inability to fit curve to pattern resulting from estimated values.
PFAA
PFOA
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Table S2.5. Results of global rm-ANOVA on the effects of concentration, chemical, and their
interactions on accumulation response variables.
Effect on Body Burden
Concentration
Chemical
Concentration*Chemical

df
2
3
6

F
1791.452
1725.202
5.429

P
<0.001
<0.001
0.006

Effect on BCF
Concentration
Chemical
Concentration*Chemical

df
2
3
6

F
8.535
174.551
5.917

P
0.005
<0.001
0.004

Results of by-chemical rm-ANOVA tests for steady state.
Effect on Body
Burden
Concentration
Time
Concentration*Time

df
2,3
3,9
6,9

PFOS
PFOA
PFHxS
6:2 FTS
F
P
F
P
F
P
F
P
539.5 <0.001 1384 <0.001 192
<0.001 523.1 <0.001
1.069 0.410
50.27 <0.001 77.42 <0.001 2.390 0.136
0.298 0.923
21.19 <0.001 29.76 <0.001 2.348 0.120

For chemicals where a significant effect of time was found in the steady state test, results of
univariate ANOVA by exposure concentration. Results of post-hoc Tukey means comparisons
are displayed in Figure 1.
Treatment

Variable

df

10µg/L
100µg/L
1000µg/L

Day
Day
Day

3
3
3

PFOA
F
P
52.727 0.001
13.325 0.015
16.724 0.010

PFHxS
F
P
8.362
0.034
8.305
0.034
25.131 0.005
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Table S2.5. Results of global rm-ANOVA on the effects of concentration and chemical,
individually, on developmental (Gosner) stage. For both parameters, post-hoc Tukey means
comparisons found control to be significantly different from all chemicals and concentrations.
No other chemicals or concentrations were significantly different.
Effect on Gosner Stage
Concentration
Chemical

df
3
4

F
6.135
6.545

P
0.003
0.001

Results of univariate ANOVA on the effects of concentration and chemical at the conclusion of
the exposure period. In both cases, post-hoc Tukey means comparisons found control to be
significantly different from all chemicals and concentrations. No other chemicals or
concentrations were significantly different. No significant effect of concentration or chemical
was present at any other time point.
Effect on Gosner Stage
Day 40 – Concentration
Day 40 – Chemical

df
3
4

F
6.808
5.785

P
0.002
0.003

Results of day 40 univariate ANOVA on the effects of each concentration and chemical
individually. For the 1000 µg/L treatments, post-hoc Tukey means comparisons showed only
PFOS differed from controls; no other compounds differed from each other or control means.
By-chemical significance is shown in Figure 3.
Effect on Gosner Stage
10 µg/L
100 µg/L
1000 µg/L
PFOS
PFOA
PFHxS
6:2 FTS

df
4
4
4
3
3
3
3

F
4.042
3.074
8.959
12.636
3.417
10.920
2.616

P
0.079
0.125
0.017
0.0165
0.133
0.021
0.188
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Table S2.5. Results of global rm-ANOVA on the effects of concentration and chemical,
individually, on snout-vent length (SVL). For chemical, post-hoc Tukey means comparisons only
found a significant difference between PFHxS and control; no other chemicals differed
significantly from each other or from control means.
Effect on SVL
Concentration
Chemical

df
3
4

F
1.157
4.111

P
0.349
0.013

Results of univariate ANOVA on the effect of chemical at the conclusion of the exposure period.
No chemicals were significantly different. No significant effect of chemical was present at any
other time point.
Effect on SVL
Day 40 – Chemical

df
4

F
2.701

P
0.058
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CHAPTER 3. EFFECTS OF PER/POLYFLUOROALKYL SUBSTANCE
(PFAS) EXPOSURE ON LARVAL EASTERN TIGER SALAMANDERS
(AMBYSTOMA TIGRINUM) AND AMERICAN TOADS (ANAXYRUS
AMERICANUS)

3.1 Abstract
Per/polyfluoroalkyl substances (PFASs) are a ubiquitous group of anthropogenic
environmental toxicants. Decades of production and use in a variety of applications has led to
contamination of surface waters across the globe. Many species of wildlife are exposed to these
compounds with unknown effects, though research suggests exposure may result in disruption of
thyroid hormone regulation. Since thyroid hormone is a primary driver of amphibian
metamorphosis, amphibians may represent a group of at-risk animals due to PFAS exposure. In
addition, their thin, permeable skin and multiple life stages mean amphibians are exposed in
ways different than other biota. We chronically exposed larval eastern tiger salamanders
(Ambystoma tigrinum) and American toads (Anaxyrus americanus) to four common PFASs:
perfluorooctane sulfonate (PFOS); perfluorooctanoic acid (PFOA); perfluorohexane sulfonate
(PFHxS); and 6:2 fluorotelomer sulfonate (6:2 FtS). First, we determined time to steady-state by
conducting a 40-day uptake study and examining body burdens and bioconcentration of PFAS
when exposed via contaminated water. For all compounds, uptake was rapid and a steady-state
body burden was generally achieved in 10 d or less. Only PFOS showed significant
bioconcentration , with a bioconcentration factor (BCF) up to 117.7 at 10 d. The other three
PFASs consistently had BCFs <10 throughout the entire exposure. A following study examined
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effects on growth, body condition, and thyroid gland development. Salamanders in all treatment
groups were found to have body condition indices below control levels, which was statistically
significant at the low dose (nominally, 10 µg/L PFAS in water) for PFOA and PFHxS as well as
at mid and high-doses (nominally, 100 and 1000 µg/L) for 6:2 FtS. No reductions in growth or
body condition were noted for toads. Thyroid gland development was only appreciable in toads
at the developmental stages examined; no effects of PFAS exposure were noted on thyroid gland
histology. The reduction in body condition of salamanders exposed to low doses of PFASs is of
concern and may lead to reduced success post-metamorphosis.
3.2 Introduction
Per/polyfluoroalkyl substances (PFASs) are a group of contaminants of emerging concern
following decades of use in a variety of applications. These anthropogenic compounds are
integral in many consumer and industrial products, as well as being an important component of
aqueous film-forming foams (AFFFs) that are used to fight hydrocarbon (especially jet fuel)
fires. This wide range of applications has led to contamination of both surface waters and
groundwater worldwide (Zhang et al., 2016; Ahrens et al., 2015). Of particular note is
perfluoroctane sulfonate (PFOS), which has been recorded at concentrations up to 121 ng/L in
Lake Ontario (Boulanger et al., 2004), 226 ng/L in the Mississippi River (Nakayama et al.,
2010), and 120 µg/L in a well near the former fire-training pads at Wurtsmith Air Force Base in
Michigan (Moody et al., 2003). The same well at Wurtsmith had many other PFASs at high
concentrations including perfluorooctanoic acid (PFOA, 220 µg/L), perfluorohexane sulfonate
(PFHxS, 260 µg/L), and 6:2 fluorotelomer sulfonate (6:2 FTS, 46 µg/L). Despite the prevalence
of many PFASs and severity of contamination, accumulation and toxicity in exposed biota are
poorly understood for most of these compounds.
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The structure and chemistry of PFASs make them highly resistant to environmental
degradation, which, along with biochemical properties including high binding affinity of some
PFASs to transport proteins, results in extensive potential for bioaccumulation and toxicity
(Sinclair et al., 2006; Rahman et al., 2014). Most PFASs are data deficient on these topics,
especially given that bioconcentration, biomagnification, and toxicity of PFOS has been shown
across multiple trophic levels (Kannan et al., 2005). In zebrafish, toxicity is positively correlated
with carbon chain length, along with functional group, where sulfonates are more toxic than
carboxylates (Ulhaq et al., 2013). For other species within aquatic systems, toxicity is poorly
understood. Few studies exist, mostly undertaken with model fish species, including rainbow
trout (Oncorhynchus mykiss) and larval northern leopard frogs (Rana pipiens) (Sharpe et al.,
2010, Ankley et al., 2004).
Other aquatic taxa, including amphibians, have been largely overlooked. Two studies
have examined effects on a single species of US-native frog, the northern leopard frog (Rana
pipiens), noting bioconcentration of PFOS and effects on development after exposure to PFOS
and PFHxS (Ankley et al., 2004; Hoover et al., 2017). Amphibians are important model species
to consider due to their biphasic life history and their thin, permeable skin – both traits that make
them useful indicators of ecosystem health (Carignan & Villard, 2002). Some groups of
amphibians lack data on PFASs entirely, including toads (Family Bufonidae) and salamanders
(Order Caudata). Comparisons between these taxa are also important, as sensitivity to
environmental toxicants has been shown to vary among amphibians; for example, frogs and
toads are known to be more resistant to toxic effects of cholinesterase inhibitors than
salamanders (Hall & Henry, 1992). Toads and salamanders have important roles ecologically,
utilizing both aquatic and terrestrial environments and providing an important prey base in each.
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Salamanders also act as an important predator in ephemeral pools (Wells, 2007). Importantly for
their study in conjunction with PFAS exposure, amphibian metamorphosis is under the control of
thyroid hormone (Brown et al., 1996), one of the systems most commonly identified as a target
of PFAS toxicity (Thibodeaux et al., 2003; Melzer et al., 2010). Most of the toxic effects of
PFASs on the thyroid system have been examined in relation to circulating thyroid hormones
(Wen et al., 2013), serum carrier proteins (Ren et al., 2016), and peripheral thyroid hormone
receptors (Chang et al., 2011) rather than histopathological changes to the thyroid gland itself.
While studies on this subject have been inconsistent (Webster et al., 2016), the risk of systemic
thyroid hormone effects is particularly worrisome in species that rely so heavily on thyroid
homeostasis. In addition to thyroid effects, PFASs have been shown to induce liver enzymes and
lead to cytotoxicity in vitro (Kleszczyński et al., 2009). Thus, multiple mechanisms exist that
could lead to sub-lethal toxicity; this data is currently lacking for amphibians and warrants
investigation.
The primary objectives of the studies reported here were to examine toxicokinetics and
the effect of chronic PFAS exposure on growth, body condition, and thyroid gland development
in larval American toads (Anaxyrus americanus) and eastern tiger salamanders (Ambystoma
tigrinum). First, we examined the uptake of PFASs during aqueous exposure in these species.
This experiment tested for time to steady state (defined as the time after which body burden does
not increase) and bioconcentration of the four chemicals found in highest concentrations at
Wurtsmith AFB. Next, we examined sub-lethal effects of chronic (31 d) exposure in the two
species. This was modified for toads due to many individuals reaching metamorphosis prior to
the 31-day conclusion: toads were sampled individually at the “climax of metamorphosis” which
we defined as half of the tail resorbed (approximately Gosner stage 44) (Gosner, 1960). We
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hypothesized that uptake of PFAS will disrupt the hypothalamic-pituitary-thyroid axis, based on
competitive interactions between PFASs and endogenous thyroid hormones on serum carrier
proteins (Weiss et al., 2009). Based on this hypothesis, we predicted decreased growth and body
condition in exposed larvae, along with histopathological changes to the thyroid gland itself (See
our theoretical adverse outcome pathway for PFASs, Figure 3.1). Finally, we did a preliminary
exploration of the biodegradation of 6:2 FTS in salamanders by running chemical screening
analyses on gallbladder extracts. Of the compounds tested, only 6:2 FTS is not considered to be
an end-stage degradation product and thus could be metabolized in biota. Gallbladders were
chosen due to the high concentration of PFASs, as these chemicals are known to undergo
enterohepatic recirculation (Genuis et al., 2010).

3.3 Methods
Study animals and husbandry prior to experiments. For the uptake study, 42 salamander
egg masses were collected in the February 2016 from an ephemeral pond in West Lafayette, IN
and randomly assigned to outdoor ~100L wading pools. Water for wading pools was sourced
from a well near the collection pond, and pools were open to precipitation. Larvae were fed
zooplankton and water changed as needed, until a week prior to the experiment. They were then
collected in nets and brought into a climate-controlled room (20 ± 2 °C) to acclimate. These
larvae were kept in 210 mL plastic cups, which were grouped together in 15-L plastic tubs.
Water changes were carried out weekly once indoors. Larvae were fed zooplankton initially, then
blackworms ad libitum. Approximately 10 toad egg masses were collected for the uptake study
from the same ephemeral pond, and similarly were assigned to outdoor ~100L wading pools.
Larvae were fed Purina® Rabbit Chow and water changed as needed. Like the salamanders, toad
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larvae were kept outdoors until 1 week prior to the experiment, at which point they were brought
indoors and acclimated to a climate-controlled room, but toads were housed in groups of 30
animals in 15-L plastic tubs.
For the sub-lethal effects study, approximately 63 eastern tiger salamander egg masses
were collected in February 2017 from the same ephemeral pond in West Lafayette, IN. These
egg masses were kept in 15 L plastic tubs in a climate-controlled room at 20 ± 2 °C until
hatching. Water was sourced from a well near the ephemeral pond, which was filtered and UVirradiated prior to addition to experimental tubs. Upon hatching, larvae were fed zooplankton
collected from nearby ponds. Water changes were conducted weekly. Salamander larvae
graduated to chopped and whole blackworms and were fed every other day ad libitum as they
grew. Prior to the experiment, salamander larvae were acclimated to 1-L plastic cups. Weekly
water changes continued.
About 15 American toad egg masses were collected from the same ephemeral pond in
West Lafayette, IN for the sub-lethal effects study. The egg masses were kept outdoors in 100-L
wading pools from hatching through gill resorption (Gosner stage 24-25). Early feedings
consisted of Purina Rabbit chow ad libitum, water changes were carried out as needed. The
larvae were then brought indoors and acclimated to laboratory conditions (20 ± 2 °C, 12h:12h
light:dark) in 15-L plastic tubs for three days. Toad larvae were fed ground Tetramin® flakes ad
libitum. Once indoors, water was changed twice weekly.
Experimental design and procedures. Both experiments (uptake and sub-lethal effects)
followed similar experimental designs, the main difference being the number of replicates.
Treatments consisting of exposure to each of the four PFASs at three concentrations (nominally
10, 100, and 1000 µg/L) along with an control were placed in a randomized block design on
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either two (uptake study) or four (sub-lethal effects study) adjacent shelves within a climatecontrolled room. Salamander larvae were grouped into aggregates of 15 individual cups, either in
210-mL plastic cups (uptake study) or 1-L plastic cups (sub-lethal effects study). Salamander
larvae had to be raised as single individuals to avoid cannibalism and were randomly assigned to
their treatment groups. Toad tadpoles were kept together in 15-L plastic aquaria half-filled with
filtered, UV-irradiated well water, with initial stocking density being 30 (uptake study) or 20
(sub-lethal effects study) animals. Toads were assigned to experimental units in groups of five.
For the sub-lethal effects studies, an initial sample of 10 larvae (both salamanders and toads) was
taken to measure initial length and mass. Larvae with visible irregularities in morphology,
coloration, or behavior were excluded. Animals were maintained in climate-controlled rooms at
20 ± 2 ºC with a 12 h/12 h light/dark photoperiod. For the uptake study, larvae were fed
(blackworms and zooplankton for salamanders, ground Tetramin for toads) ad libitum. For the
sub-lethal effects study, larvae were fed (toad tadpoles for salamanders, ground Tetramin for
toads) at 20% of the average larval body weight every other day (on average, 10% of body
weight daily). Four sets of feed control animals were utilized for this calculation (for both
species) in this experiment, and animals were weighed weekly. Water changes continued, weekly
for salamanders and twice weekly for toads.
Larvae were exposed using a static renewal approach with all water removed and
replaced with freshly spiked PFAS-contaminated water at the scheduled water changes. Animals
were monitored daily for mortality and abnormalities. A water sample (~ 5 mL) was taken
immediately after initial exposure and immediately prior to the first water change. Our previous
study showed that our methods resulted in consistent exposure concentrations to animals
throughout the experiment (Hoover et al., 2017; Chapter 2). For the uptake study, six animals
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were sampled every 10 days, and their snout-vent length and (for toads) developmental stage
recorded. For toads, the final sample was taken at 35 days, as animals were reaching
metamorphosis. For salamanders, exposure continued to day 40. The sub-lethal effects study was
modeled after the OECD Amphibian Metamorphosis Assay (Test 231), though modified to allow
for uptake based on the previous study results. For this experiment, five animals per group or
experimental unit were sampled at day 17. The animals were euthanized (800 mg/L buffered
MS-222), and mass and snout vent length (SVL) recorded. One animal from each replicate was
taken for whole body burden analysis and stored at -20 °C. At day 31, the remaining salamanders
were euthanized, mass and SVL measured, and photographed. Heads were taken (placed in 10%
neutral buffered formalin, NBF) from a subset of animals (n=5 per experimental unit) for thyroid
histopathology. The remaining whole animals were stored at -80 °C pending further analyses,
such as thyroid hormone quantification. The same endpoints were recorded for toads, though
animals were sacrificed individually once the climax of metamorphosis (half-tail resorption,
Gosner stage ~44) was reached.
Thyroid histology. For salamanders, the head and cervical region of five animals per
group were taken and preserved in 10% NBF. After sufficient time to fix the tissue, three heads
per experimental unit were bisected sagittally along the midline and the right halves of the heads
were placed in histology cassettes. Heads were decalcified in 14% EDTA for 1 week, embedded
in paraffin and sectioned starting 400 µm into the tissue. In most cases, 6 sections were taken 50
µm apart. Sections were set two per slide and stained with routine hematoxylin and eosin (H&E)
staining.
For toads, the head and cervical region of at least 6 animals per experimental unit were
taken and preserved in 10% NBF. After sufficient time for fixation, 6-7 heads per experimental
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unit were embedded whole in paraffin blocks, oriented with the rostrum deep in the block,
allowing for initial sectioning of the cervical tissue in a transverse plane. Blocks were cut down
until thyroid glands were visible from at least 1-2 heads per block, then sectioned at a thickness
of 6 µm. Six sections 30-50 µm apart were set two per slide and stained with routine H&E
staining. Initially, only the high dose (1000 µg/L) treatments were examined. Differences in
follicular cell height based on chemical treatment were not statistically significant, but due to a
data trend suggesting an effect of chemical, the low doses (10 µg/L) of PFOS and PFHxS were
also examined.
Body burden and water PFAS quantification. The methods used for quantification of
PFASs in water and animal tissues are described in detail in a previous publication and its
supplementary information (Hoover et al., 2017; Chapter 2). For the extract and analysis of the
salamander gallbladders to explore if and how 6:2 FtS may be transformed within the
salamanders, extracts were injected in full scan mode for both negative and positive electrospray
ionization (EIS) with Time of Flight (TOF) mass spectrometry (MS). Nontarget screening was
used combined with utilization of the Fluoros 2.0 library and available literature on previously
identified metabolites of PFASs. Metabolites were identified using an accurate mass approach
with an average mass tolerance of < 20 ppm and an isotope distribution error of < 1% (Fig. S3.1)
Data analysis and statistics. Statistical tests for body burden data (including steady state
tests) were carried out using lo-10 transformed data, for both species. One-way ANOVA tested
for variation in body burden concentrations over time within each treatment; steady state was
deemed to have been reached at the sampling point after which no significant increase in body
burden was found. All salamanders were treated as independent replicates due to their individual
housing. Given group housing, values presented on toads are averages based on all animals
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sampled or measured within each experimental unit. Length and mass data were compiled and
one-way analysis of variance (ANOVA) was used to test for differences between treatment and
control groups. Analysis began globally, for all treatments, and worked town to tests by-chemical
in cases of statistical significance. For salamanders, residual condition index (RCI) was then
calculated. First, a linear regression of mass and log-10 transformed SVL was performed using
control animal data from day 17 and a random subset of day 31 values. This formula was then
used to create day-31 predicted mass values based on SVL for all animals (excepting the control
animals used to define the relationship); residuals between observed and predicted values were
used to compare treatment groups as the residual condition index. For toads, body condition was
assessed using Fulton’s K condition factor. This condition index is described by the equation
𝐾=

𝑚𝑎𝑠𝑠
𝑆𝑉𝐿3

𝑥 10,000. The merits of each method, including the basis for why each condition

index was chosen, are well described by Băncilă et al. (2010). Differences between control and
treatment condition indices were analyzed with one-way ANOVA, with Dunnet’s Method used
to compare means of treatment groups with controls. Statistical tables for all analyses are
presented in Table S3.3.
3.4 Results
Water. Water concentrations were consistent throughout the exposure period (see Figure
S3.1).
Toxicokinetics. Uptake of all four PFAS studied was found to be rapid (Figures 3.2 and
3.3), with steady state reached by 10 d in all but one case (1000 µg/L PFHxS exposure for toads)
where peak concentration was observed at 20 d. A subsequent decline in body burdens was noted
in many treatments, regardless of dose or chemical. BCFs mirrored these findings, and the trend
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of decreasing BCF over the course of exposure tended to be even more pronounced (also Figures
2 and 3).
Salamanders exposed to 6:2 FtS were found to have a number of chemical metabolites
present in bile and gallbladder tissue (Figure 3.4). Several of these products were also reported
for aerobic biodegradation of this compound in activated sludge from a wastewater treatment
plant, though many appear novel (Wang et al., 2011).
Survival and Morphometric data. Salamander survival for both experiments was over
90%, while toad survival was over 80%. For toads, most mortality occurred as the animals
approached metamorphosis and were unable to find the platforms that would allow for an escape
from the water. No significant differences in SVL or mass were noted at the first sampling point
at 17 d. Salamander larvae at the final sample (31 d) in all exposure concentrations of PFHxS
and 6:2 FTS were found to be, on average, 1.5 to 2.6 mm longer, depending on the exposure
concentration (Table S3.1). This was a statistically significant difference from control values, but
not significantly different to other doses within each chemical. Exposure to PFOS and PFOA
resulted in no significant changes in SVL, regardless of dose. No treatment group resulted in a
significant difference in body mass. For toad larvae, the high dose of 6:2 FtS resulted in SVL and
mass significantly above control, but no difference from control values were noted within any
other treatment group (Table S3.2).
Salamander body condition (RCI) was found to be highest in the control animals and
significantly lower in low (nominal 10 µg/L) doses of PFOA and PFHxS, and the higher doses
(nominal 100 µg/L and 1000 µg/L) of 6:2 FTS (Figure 3.5). No doses of PFOS resulted in
significantly reduced body condition in the salamanders. Toad body condition (Fulton’s K), by
contrast, did not differ between control animals and any PFAS-treated animals (Table S3.2).
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Thyroid histology. The thyroid glands of larval salamanders were early in their
development and histological findings are consistent with rapidly growing tissue (Figure S3.2).
The largest follicles in each section consisted of a narrow lumen and bordered by no more than
15-20 follicular epithelial cells. These follicular cells contained large nuclei with loose, open
chromatin, a high nuclear: cytoplasm ratio, and multiple nucleoli visible. Sections of thyroid
glands in various treatment groups and control specimens occasionally had mitotic figures
present. Little if any colloid is present within follicle lumina.
Toad thyroid glands were much more developed, with cuboidal epithelial cells lining
colloid-containing lumina (Figure S3.3). No significant changes were seen on histopathology,
but follicular cell height was slightly higher on average (though not statistically significant) in
PFOS- (3.23 ± 0.23 µm) and PFHxS-treated (3.21 ± 0.24 µm) animals when compared to
controls (2.94 ± 0.15 µm)
Bioconcentration of each PFAS is examined by species in Figure 3.6. This figure also
includes the BCF of leopard frogs previously published (Hoover et al., 2017; Chapter 2). BCF
was analyzed by chemical via least-squares regression with species, exposure concentration, and
day of sampling as variables. Here, the statistics confirmed that the trend of decreasing BCF over
time for PFOS in salamanders was not only significant, but that species was the parameter with
the greatest impact (frogs and toads were not statistically different). For all other chemicals,
species was the parameter with the least effect, accounting for no more than 11% of the variation
in BCF values. Additionally, lower exposure concentrations resulted in significantly higher BCF
values, regardless of chemical. Finally, BCF at day 10 was significantly higher than later
sampling points (days 30 and 40), again regardless of chemical.
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3.5 Discussion
Rapid PFAS uptake was expected given what was observed in an earlier study with
leopard frogs; body burdens and BCFs of both species tested were in line with leopard frogs as
well. From a bioaccumulation standpoint, PFOS remains the main chemical of concern. None of
the other tested chemicals were found to bioconcentrate in the larval amphibians. This may be
due to the previously demonstrated greater affinity of PFOS for serum proteins, as compared to
PFOA (Salvalaglio et al., 2010). For PFOS, the levels of bioconcentration seen in these species,
as seen in leopard frogs (~100), remains well below the USEPA definition of “bioaccumulative”
(minimum BCF for this distinction is 1,000) (Arnot & Gobas, 2006).
The body burdens attained by the salamanders and toads were on the same order of
magnitude as seen in our previous study with northern leopard frogs (Hoover et al., 2017;
Chapter 2). The decrease in body burden observed at low doses of PFOA and PFHxS in the frogs
was also observed for these chemicals in toads (along with 6:2 FtS) and throughout nearly all
salamander treatment groups. Of all salamander treatment groups, only the middle dose (100
µg/L) of PFHxS did not result in a significant decrease in body burdens over the course of
exposure. This decrease was most pronounced in the PFOS-exposed groups, were body burdens
decreased significantly at each sampling point at multiple doses. Possible mechanisms discussed
previously, including maturation of organs involved in xenobiotic elimination (such as liver or
kidney) could account for a portion of this decline in body burdens. While we hypothesized that
the increased hydrophobicity of PFOS may have made it less likely to depurate from leopard
frogs, this may not apply for salamanders due to dietary differences. Foods higher in fats, such as
the blackworms given to the salamanders in the uptake study, may allow for more efficient
hepatic excretion, as the hydrophobicity of the ingesta may limit enterohepatic recirculation.
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Some more of this body burden decline is likely attributable to dilution as the animals added
adipose tissue over growth. Larvae were fed ad libitum, and levels of body lipids have been
previously correlated with survival post-metamorphosis (Scott et al., 2007). Thus, the lack of
food limitation likely increased body lipid content over the course of the experiment. Previous
studies have shown that PFASs accumulate in protein-rich tissues (especially liver, kidney, and
blood) rather than adipose tissue. Thus, as the animals grow in a food-rich environment and
disproportionately add lipids, the increase in body mass is skewed towards tissues that do not
concentrate PFASs. Finally, for 6:2 FtS, metabolism or biodegradation may account for some of
the decline in body burdens, as the parent compound was demonstrably metabolized to shorterchain metabolites (Figure 3.4).
BCF values for all three species are within an order of magnitude of each other. Thus,
when considering uptake and body burdens, it appears larval amphibians are relatively similar,
regardless of order or family. However, species was an important predictor of BCF over time for
PFOS-exposed animals, with salamanders showing a significant decrease throughout exposure,
suggesting that occasional species differences may exist. Another important finding was that,
regardless of chemical, lower exposure concentrations resulted in significantly higher BCF
values. Put another way, an order of magnitude rise in exposure concentration did not result in a
full order of magnitude increase in body burdens. The exact mechanism for this finding is not
clear, but may be due to physiological limits on uptake, with the higher doses partially or fully
saturating uptake mechanisms. When balanced with elimination, the steady state may result in
slightly lower BCF values for higher exposures. This information may be important for accuracy
when modeling bioaccumulation of PFASs. Therefore, growth dilution and maturation of
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xenobiotic excretion organs (e.g. kidney, liver) are important factors when evaluating BCFs in
larval amphibians, beyond the basic comparison of aquatic larvae vs. terrestrial juvenile/adult.
Examination of the data showing significantly longer salamanders was initially
perplexing. However, the consistency of mass between treatments raised questions about overall
body condition, which was then examined. Notably, the low doses of PFOA and PFHxS resulted
in significantly lower condition, whereas the higher doses did not have such an effect. Higher
doses of 6:2 FtS resulted in decreased body condition, but negative effects attributable to
degradation products cannot be ruled out. The lone chemical whose chronic exposure did not
affect body condition, regardless of dose, was PFOS. This was surprising given that, at these
doses, PFOS has been shown to negatively affect northern leopard frog development (Hoover et
al., 2017). As to the significance of this finding, as previously mentioned, body lipid content is
positively associated with survival post metamorphosis; poorer average body condition could
have a significant detrimental impact on the post-metamorphic success of a population of
exposed salamanders. Because of the potential importance of this finding, body condition index
was applied to the toad data (in this case, Fulton’s K was the appropriate choice due to normality
of data and independence from SVL). No treatment group was significantly different from
control toads.
Overall, high body burdens resulting from PFOS exposure did not result in detrimental
effects, while low body burdens of other chemicals did have an effect on body condition. Indeed,
only the lowest doses of PFOA and PFHxS resulted in significant reductions in body condition,
while higher concentrations (and the associated higher body burdens) had no effect. We believe
this is indicative of a U-shaped dose-response curve (Davis & Svendsgaard, 1990), with low
body burdens potentially capable of disrupting circulating thyroid hormone levels by competition
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for binding sites on plasma carrier proteins. Higher body burdens would overwhelm the binding
sites, resulting in a consistent amount of unbound (free) hormone, allowing the animal to
physiologically adjust. At doses above what we tested here, negative effects have been seen in
northern leopard frogs. This would be the latter, ascending part of the U-shaped dose-response
curve, where higher body burdens elicited toxicity, likely by another mechanism.
The thyroid gland histology showed rapidly growing and developing tissue in both
treatment and control salamanders. No significant differences could be determined as the glands
were variable in size, the follicles were consistently small, and the follicular cells pleomorphic.
Mature, colloid-producing glands were found in toads, but again, no treatment group influenced
the histological appearance of the gland. Given the lack of morphological differences between
these groups, it is perhaps not surprising that the thyroid glands also do not show significant
changes. Those species that do show toxic effects may indeed show alterations to the thyroid
gland once the gland has had more of a chance to develop (i.e., nearing metamorphosis).
3.6 Conclusions
The finding of decreased body condition following environmentally relevant exposures to
several PFASs is important. As amphibians already face decline around the world (Wake, 1991),
this ubiquitous environmental stressor with the capacity to negatively impact populations is
concerning. It is positive to note that toxicity was not found in exposed toads; perhaps rapid
development and metamorphosis will leave some populations of exposed animals unaffected,
though it should be noted that this data only considers the aquatic larval stage. However, the
potential for amphibians with lengthy larval periods to be adversely impacted is something that
must be considered when managing for the long-term survival of these important species. Since a
lengthy larval period coincides with a longer course of exposure, future studies should focus on
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these species and perhaps lengthen the exposure period so that developmental endpoints that are
best measured near or at metamorphosis (including thyroid development) may be fully
examined. Finally, considering finer-scale endpoints, including expression of thyroid-responsive
genes, should also be considered to further elucidate the mechanisms of toxicity.
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Figure 3.1. Adverse outcome pathway for perfluoroalkyl substances (PFASs), with the structures
of the two most common PFASs, perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate
(PFOS), illustrated. Competitive inhibition and thyroid receptor interference are commonly cited
mechanisms of toxicity in both laboratory studies and human epidemiological studies.
Laboratory studies with pregnant mammals show an ability of some PFAS to cross the bloodplacenta barrier, leading to sub-lethal fetal and neonatal toxicities. * = Predicted based on effects
reported.
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Figure 3.2. Body burdens (line graph) and bioconcentration factors (bar graph) for eastern tiger
salamanders chronically exposed to each PFAS examined. Differences in log-transformed body
burdens between each time point are noted by different letters; same letters means there were no
differences. Data points representing day 10 samples are omitted if unexposed control animals
were found to have measurable body burdens equal to 10% or more of the value measured for
exposed animals (laboratory contamination). Error bars represent one standard error above and
below the mean.
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Figure 3.3. Body burdens (line graph) and bioconcentration factors (bar graph) for American
toads chronically exposed to each PFAS examined. Differences in log-transformed body burdens
between each time point are noted by different letters; same letters means there were no
differences. Data points representing day 10 samples are omitted if unexposed control animals
were found to have measurable body burdens equal to 10% or more of the value measured for
exposed animals. Error bars represent one standard error above and below the mean.
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Figure 3.4. Metabolites of 6:2 FtS isolated from salamander bile/gallbladder extracts. Several
additional compounds were found by non-target screening, but structures could not be
confirmed.
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Figure 3.5. Residual condition index (RCI) for chronically-exposed eastern tiger salamanders.
Error bars correspond to one standard error above and below the mean. Asterisk (*) indicates
statistical difference from control samples using Dunnett’s multiple comparison tests with
significance set at α = 0.05.
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Figure 3.6. Bioconcentration factor across all species, exposure doses, and time points. Nominal
exposure doses: Low = 10 ppb, Mid = 100 ppb, High = 1000 ppb. Error bars correspond to one
standard error above and below the mean. Data for northern leopard frogs were obtained from
Hoover et al., 2017 (Chapter 2).
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Figure S3.2. Average water concentrations by treatment. Error bars correspond to one standard
deviation above and below the mean. Nominally, low dose = 10 ppb; mid dose = 100 ppb; high
dose = 1000 ppb.
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Figure S3.3. Salamander thyroid photomicrograph. Elongated gland shape can be appreciated in
sagittal section. (A) Small follicular size with limited colloid within follicles. (B) Thyroid
epithelium showing high N:C ratio, pleomorphism, and prominent nucleoli.

70

Figure S3.4. Toad thyroid photomicrograph. Gland is well developed, ovoid in transverse
section. (A) Colloid present within follicle lumen; (B) Thyroid epithelium with well defined,
condensed nuclei.
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Table S3.1. Statistical tables for toad data. Results of global ANOVA on the effects of
concentration, chemical, and their interactions on accumulation response variables.
Effect on Body Burden
Concentration
Chemical
Concentration*Chemical

df
2
3
6

F
271.48
241.16
0.14

P
<0.001
<0.001
0.9908

Effect on BCF
Concentration
Chemical
Concentration*Chemical

df
2
3
6

F
5.98
157.46
6.38

P
0.0038
<0.001
<0.001

Results of by-chemical rm-ANOVA tests for steady state.
Effect on Body
Burden
Concentration
Time
Concentration*Time

df
2,3
3,9
6,9

PFOS
PFOA
F
P
F
P
561.5 <0.001 129.6 0.001
0.702 0.574
10.61 0.003
0.488 0.803
2.26
0.1308

PFHxS
6:2 FTS
F
P
F
P
994.9 <0.001 189.7 0.001
23.14 <0.001 27.22 <0.001
12.75 0.001
8.21
0.003

For chemicals where a significant effect of time was found in the steady state test, results of
univariate ANOVA by exposure concentration. Results of post-hoc Tukey means comparisons
are displayed in Figure 3.3.
Treatment

Variable

df

10µg/L
100µg/L
1000µg/L

Day
Day
Day

3
3
3

PFHxS
F
P
17.18 0.010
9.04
0.030
54.09 0.001

6:2 FTS
F
P
31.21
0.003
1.20
0.416
11.46
0.020
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Table S3.1. Statistical tables for toad data. Results of global rm-ANOVA on the effects of
treatment on mass and SVL.
Variable
Mass

Effect of
Treatment
Time
Treatment*Time

df
12, 39
2, 78
24, 78

F
1.486
2160
1.505

P
0.171
<0.001
0.092

SVL

Treatment
Time
Treatment*Time

12, 39
2, 78
24, 78

0.919
6008
0.947

0.538
<0.001
0.542

Results of global univariate ANOVA on the effect of treatment on time to metamorphosis and
body condition at the conclusion of the experiment, as well as by-chemical tests for effect of
chemical treatment on follicular cell height within the thyroid gland.
Variable
Body Condition

df
12

F
1.58

P
0.138

Days to Metamorphosis

12

0.761

0.685

Follicular Cell Height

4

1.81

0.182
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Table S3.1. Statistical tables for salamander data. Results of global two-way ANOVA on the
effects of concentration, chemical, and their interactions on accumulation response variables.
Effect on Body Burden
Concentration
Chemical
Concentration*Chemical

df
2
3
6

F
130.97
66.72
0.26

P
<0.001
<0.001
0.953

Effect on BCF
Concentration
Chemical
Concentration*Chemical

df
2
3
6

F
1.68
30.67
1.03

P
0.192
<0.001
0.412

Results of by-chemical ANOVA tests for steady state.
Effect on Body
Burden
Concentration
Time
Concentration*Time

df
2,3
3,9
6,9

PFOS
PFOA
PFHxS
6:2 FTS
F
P
F
P
F
P
F
P
3771 <0.001 511
<0.001 172.5 <0.001 301.6 <0.001
687.4 <0.001 45.35 <0.001 15.0
<0.001 111.3 <0.001
9.22
0.001
8.37
0.001
3.0
0.050
2.38
0.095

For chemicals where a significant effect of time was found in the steady state test, results of
univariate ANOVA by exposure concentration. Results of post-hoc Tukey means comparisons
are displayed in Figure 3.2.
Treatment
10µg/L
100µg/L
1000µg/L

Variable
Day
Day
Day

df
3
3
3

PFOS

PFOA
P

F

P

F

205.1
274.6
214.1

<0.001
<0.001
<0.001

2.28
14.21
17.12

0.250
0.013
0.010

F

PFHxS
P

4.48
2.97
17.08

0.126
0.194
0.023

6:2 FTS
F
P
2.42
359.0
76.79

0.237
<0.001
0.001
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Table S3.1. Statistical tables for salamander data. Results of global two-way ANOVA on the
effects of treatment on mass and SVL.
Variable
Mass

Effect of
Treatment
Time
Treatment*Time

df
12, 867
2, 867
24, 867

F
2.29
2990
1.51

P
0.007
<0.001
0.055

SVL

Treatment
Time
Treatment*Time
Chemical
Time
Chemical*Time
Concentration
Time
Concentration*Time

12, 867
2, 867
24, 867
4, 867
2, 867
8, 867
3, 867
2, 867
6, 867

1.07
2407
1.37
4.44
2427
1.72
1.63
2001
1.07

0.381
<0.001
0.114
0.002
<0.001
0.090
0.181
<0.001
0.377

Mass

Mass

Results of univariate ANOVA on the effect of chemical on mass by day. Post-hoc Tukey
comparisons of means were then used to test for differences between chemical treatments and
control animals.
Variable
Day 17

df
4

F
5.16

P
0.001

Notes
Only PFHxS significantly different.
Mass greater than control.

Day 31

4

5.67

0.001

No treatment significantly different
from control

Results of univariate ANOVA on the effect of exposure concentration on PFHxS-exposed
animals at day 17, when treatment resulted in a significantly different mass from control. Posthoc Tukey means comparisons tested which concentrations were significantly different from
control masses.
Variable
Concentration

df
3

PFHxS
F
4.57

P
0.005

Notes
Mass of animals in 10 and 100
µg/L exposures significantly
greater than control
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Table S3.1. Results of global univariate ANOVA on the effect of treatment on body condition at
the end of the experiment. Post-hoc Dunnet’s Method for comparison of means tested for
differences from control; results of this test are seen in Figure 3.4
Variable
Body Condition

df
12

F
4.35

P
<0.001
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Table S3.1. Bioconcentration factor modeling statistics. By-chemical least-squares model used to
test for effect of species, exposure concentration, and day on BCF.
Chemical
PFOS

PFOA

df
7,64

7,60

ANOVA
F
P
10.96 <0.001

3.96

0.001

Var
species
conc.
day

Effect Tests
df
F
2
15.27
2
13.59
3
6.33

P
<0.001
<0.001
0.001

Species
Frog
Toad
Sal

A
A

species
conc.
day

2
2
3

1.59
5.99
4.72

0.213
0.004
0.005

Frog
Toad
Sal

Concentration
(µg/L)
10
100
1000

A

A
A
A

10
100
1000

A

B

B
B

B
B

PFHxS

7,56

4.05

0.001

species
conc.
day

2
2
3

3.38
4.84
4.80

0.041
0.012
0.005

Frog
Toad
Sal

A B
B
A

10
100
1000

A
A B
B

6:2 FtS

7,60

7.11

<0.001

species
conc.
day

2
2
3

3.39
7.94
11.89

0.040
0.001
<0.001

Frog
Toad
Sal

B
A
A B

10
100
1000

A
B
B

Day
10
20
30
40
10
20
30
40
10
20
30
40
10
20
30
40

A
B
B
B
A
A B
B
B
A
A B
B
B
A
B
B
B
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Table S3.2. Compiled data for eastern tiger salamander chronic exposure. Asterisk (*) indicates
significant difference from control samples at α = 0.05.
Treatment

Control
PFOS

PFOA

PFHxS

6:2 FtS

n

Snout Vent Length ± SD
(mm)

Body Mass ± SD
(g)

40

40.74 ± 1.91

2.995 ± 0.256

10

40

41.45 ± 2.07

3.064 ± 0.210

100

40

41.76 ± 1.88

3.089 ± 0.312

1000

40

41.82 ± 1.60

3.051 ± 0.240

10

40

41.37 ± 1.39

2.929 ± 0.183

100

40

41.14 ± 1.86

2.954 ± 0.234

1000

39

41.36 ± 1.93

2.993 ± 0.216

10

40

42.25 ± 1.88*

3.031 ± 0.282

100

40

42.18 ± 1.78*

3.111 ± 0.264

1000

40

42.72 ± 1.75*

3.135 ± 0.269

10

40

42.41 ± 1.61*

3.078 ± 0.209

100

38

42.77 ± 1.53*

2.996 ± 0.220

1000

39

43.33 ± 1.84*

3.120 ± 0.270
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Table S3.3. Compiled data for American toad chronic exposure. Each individual sample consists
of an average of four animals sampled from each experimental unit (aquarium). Asterisk (*)
indicates significant difference from control samples at α = 0.05.
n Snout Vent Length Body Mass ± SD
± SD (mm)
(g)

Fulton’s K

Days to morph

± SD

± SD

4 11.51 ± 0.35

0.195 ± 0.024

1.28 ± 0.05

35.1 ± 1.7

10

4 11.57 ± 0.21

0.199 ± 0.019

1.29 ± 0.12

35.3 ± 0.6

100

4 11.76 ± 0.27

0.213 ± 0.021

1.31 ± 0.08

34.7 ± 1.4

1000

4 11.36 ± 0.41

0.191 ± 0.020

1.30 ± 0.03

35.0 ± 0.8

10

4 11.84 ± 0.16

0.224 ± 0.012

1.35 ± 0.08

36.0 ± 0.2

100

4 11.84 ± 0.27

0.208 ± 0.015

1.25 ± 0.06

35.6 ± 1.7

1000

4 11.79 ± 0.35

0.215 ± 0.020

1.31 ± 0.01

36.7 ± 1.2

10

4 11.28 ± 0.29

0.180 ± 0.019

1.25 ± 0.05

34.5 ± 0.7

100

4 11.59 ± 0.24

0.201 ± 0.013

1.29 ± 0.11

34.7 ± 0.3

1000

4 11.99 ± 0.12

0.224 ± 0.011

1.30 ± 0.05

35.6 ± 1.1

10

4 11.63 ± 0.21

0.209 ± 0.011

1.33 ± 0.04

35.0 ± 1.4

100

4 11.43 ± 0.40

0.192 ± 0.014

1.29 ± 0.05

34.0 ± 0.7

1000

4 12.25 ± 0.23*

0.243 ± 0.014*

1.32 ± 0.02

35.4 ± 1.2

Treatment

Control
PFOS

PFOA

PFHxS

6:2 FtS
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CHAPTER 4. BINARY MIXTURES OF PERFLUOROALKYL ACIDS
SHOW BOTH SYNERGISM AND ADDITIVE TOXICITY IN AN
AMPHIBIAN FIBROBLAST CELL LINE

4.1 Abstract
Perfluoroalkyl substances (PFASs) are a group of persistent organic pollutants with
widespread environmental distribution in soils and surface waters. Recent research shows a
potential for both bioaccumulation and toxicity of these compounds in wildlife. Due to their
unique physiology and life history, amphibians are at high risk for both accumulation and
toxicity following environmental exposure to these chemicals. However, understanding of the
adverse effects of exposure on one of the most imperiled taxonomic groups is only beginning.
Here, we examine the cytotoxic effects of these chemicals, singly and in binary mixtures, on an
amphibian fibroblast cell line. We tested four common PFASs: perfluorooctane sulfonate
(PFOS); perfluorooctanoic acid (PFOA); perfluorohexane sulfonate (PFHxS); and
perfluorohexanoic acid (PFHxA). Of these, PFOS induced cytotoxicity at the lowest
concentrations, while PFHxA was least cytotoxic. Binary mixtures allowed for the construction
of isobolograms to test for additivity, super-additivity (synergism), or sub-additivity (inhibition).
In most cases, mixtures were found to be approximately additive, however, PFOS and PFOA
were found to be weakly superadditive (more than additive). This data shows that mixtures may
have increased toxicity potential than the simple sum of PFASs would suggest.
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4.2 Introduction
Perfluoroalkyl substances (PFASs) are a group of persistent organic pollutants of
emerging concern. Use in a variety of applications, especially as a component of aqueous filmforming foams (AFFFs) used to fight jet fuel fires, along with volatility of some PFAS
precursors (such as fluorotelomer alcohols) accounts for the near global distribution of multiple
PFASs in surface waters (Moody et al., 2003, Ellis et al., 2004; Zhang et al., 2016; Ahrens et al.,
2015). Biodegradation of most PFASs is also limited, for instance, perfluorooctanoic acid
(PFOA) was described as “microbiologically inert” despite extensive testing in environments
that were favorable for defluorination (Liou et al., 2010). Further, bioconcentration and
bioaccumulation of these compounds have been shown to occur in aquatic species exposed to
contaminated water (Martin et al., 2003, Hoover et al., 2017). The resulting toxicity on aquatic
species, including both fish and amphibians, is currently being investigated; reports show
negative effects related to reproduction, growth and development (Jantzen et al., 2017; Han &
Fang, 2010; Ankley et al., 2004; Hoover et al., 2017).
Toxicity data, however, is only available for a few common PFASs, such as PFOA or
PFOS, while the vast majority of compounds remain unstudied. Shorter-chain replacement
chemicals, such as perfluorohexane sulfonate (PFHxS) and perfluorohexanoic acid (PFHxA), are
also present in many contaminated sites, including those with heavy AFFF use (Moody et al.,
2003). Production of replacement fluorochemicals, such as those created using GenX
technology, will likely create a need for further toxicity testing of chemicals in this class
(Beekman et al., 2016). In addition, most sites have measurable contamination of multiple
PFASs (Moody et al., 2003, Ellis et al., 2004; Zhang et al., 2016; Ahrens et al., 2015); exposure
to mixtures is the norm. However, consideration of toxic effects of mixtures is in its infancy and
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further work is needed. Toxicology tests based on in vivo studies are costly, time consuming and
raise concerns about animal welfare. Use of other testing methodologies, including cell culture
studies in vitro, can provide meaningful results in a more efficient manner (Holmes et al., 2010,
DelRaso, 1993).
In vitro and in silico models have been developed for the study of PFAS mixture toxicity
(Du et al., 2012; Weiss et al., 2009; Salvalaglio et al., 2010, Zhang et al., 2015; Ren et al., 2016).
Quantitative structure-activity relationship (QSAR) studies have examined the binding of PFASs
to serum proteins, including human serum albumin, transthyretin, and thyroxine-binding
globulin. These studies provide a mechanism for endocrine disruption, specifically for alterations
in thyroid hormone homeostasis; this disruption is a well-documented concern (Thibodeaux et
al., 2003; Melzer et al., 2010). Clearly, the use of multiple experimental models will be
important in understanding of the mechanisms of toxicity and the potential adverse effects of
PFAS exposure.
Here, we examine the cytotoxic effects of four common PFASs (PFOS, PFOA, PFHxS,
and PFHxA), alone and in binary mixtures, on an amphibian fibroblast cell line. Cells exposed to
single chemicals are expected to show a sigmoidal dose-response curve, which will then be used
to determine inhibition (we report the concentration resulting in 50% inhibition of cell growth, or
IC50) and dictate the concentrations used in mixtures. For these single-PFAS exposures, we
hypothesize that longer carbon chains will be more toxic due to greater physical obstruction of
binding sites on cellular proteins when bound, and that sulfonates will be more cytotoxic than
carboxylates of comparable chain length because of greater binding affinity. We predict that
binary mixtures will show additive toxicity, regardless of chain length or functional groups.
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4.3 Methods
Model cell line and maintenance prior to exposures. The cell line used was isolated from
the limb bud of Xenopus tropicalis and is known as the “Speedy” cell line; characterization and
properties of the cell line are described by Sinzelle et al. (2011). Initial cell cultures were stored
in liquid nitrogen until needed. Cells were then thawed and placed inside sterile culture flasks.
Culture medium consisted of 90% dilute (0.66x) Liebovitz’s L-15 medium and 10% fetal bovine
serum (FBS), and cells were kept in an incubator at 28 °C. Cells were allowed to grow to
between 80 and 90% confluency, at which point they were washed with dilute (0.66x)
phosphate-buffered saline (PBS) and dissociated from the flask with 0.25% trypsin EDTA. Cells
then were placed in either larger culture flasks or split into 2-3 culture flasks, depending on the
number of cells available and the size of the original flask. Several large flasks were required for
each exposure test, so no testing began before the 6th passage from the original seed culture. To
ensure consistency, cells were discarded by the 18th passage, with most testing on cells from the
8th to 15th passages.
Contaminant stock solutions were prepared by taking an aliquot of growth medium and
adding the appropriate amount of chemical (solid for PFOA, PFOS, and PFHxS (Sigma-Aldrich,
purity: 96%, >98%, >98%, respectively); liquid for PFHxA (Sigma-Aldrich, purity >97%) and
allowing the solution to mix until dissolved. The carboxylic acid-containing chemicals were
dissolved in their free acid forms; sulfonate chemicals used the potassium salt. To preserve the
integrity of the growth medium, the pH of stock solutions of PFOA and PFHxA were adjusted to
7.6 with potassium hydroxide. Both pH balancing and dissolution of stock chemicals could not
be done aseptically, so stock solutions were put through 0.22 µm vacuum filtration and
transferred again (through 0.22 µm syringe filters) into sterile PETG bottles until needed for
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exposures. A sample of stock solution was taken for LC-MS/MS analysis to verify stock
concentrations (for details on this method, see Luque et al. (2010), described in Hoover et al.
(2017; Chapter 2)
Exposure of cells. “Speedy” cells were taken from large (T182) culture flasks by washing
with 0.66x PBS and dissociation with 0.25% trypsin EDTA as described above. This mixture
was then combined with growth medium (8-12 mL, depending on degree of confluency prior to
dissociation). A 100 µL sample was then taken and mixed 1:1 with Trypan Blue. Cells were then
counted on a manual hemocytometer and the concentration of cells recorded. Exposures were
performed in 96-well plates with 200 µL of culture medium; each well was seeded with 30,00040,000 cells. Plates were incubated for 24 ± 1 h prior to chemical exposure. Replicates of four to
six wells were then exposed to each concentration of chemical or mixture being tested within
each plate; single chemical exposures were replicated on a minimum of three plates, and
mixtures on a minimum of two. Binary mixtures were tested by exposing all cells to a single
dose of one chemical while varying the concentration of a second chemical; the doses used were
based on the single-chemical IC50. After 48 ± 1 h of exposure, wells underwent the MTT assay
(see Carmichael et al., 1987). Briefly, this assay utilizes a (yellow) tetrazolium dye that is
hydrolyzed by mitochondrial enzymes resulting in the production of a (purple) formazan. The
amount of formazan produced, which is correlated with the spectrophotometric absorbance
around 560 nm, is therefore a result of viable mitochondria. This allows the MTT assay to be
used as a proxy for cell survival. The tetrazolium dye MTT was dissolved into 0.66x PBS at a
concentration of 8 mg/mL; this solution was then diluted 1:10 with clean, uncontaminated
growth medium and 200 µL added to each well. After 4 ± 0.25 h, the growth medium/dye
mixture was removed from the wells. The remaining cells were dissolved in 200 µL of a mixture
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of Triton X-100 and isopropanol (1:10) and the plates allowed to gently shake for 30 minutes.
Finally, spectrophotometer readings of each well were taken with absorbance set to 560 nm.
Analysis and statistics. Spectrophotometer readings were analyzed by taking the average
of all wells (four to six wells) at each concentration and comparing absorbance to control wells
of unexposed cells. Average absorbance of empty wells with 200 µL of Triton X100/isopropanol was subtracted from the average absorbance readings for cell-containing wells
before the absorbance comparison. The resulting percent survival was then plotted against the
dose of chemical or mixture. We used R 3.4.3 and Rstudio with the package “drc” to create doseresponse curves and obtain the equation for the resultant sigmoidal curve of the model. For
single chemical exposures, the maximum and minimum parameters of the 4-parameter logistic
function were set to 1 and 0, respectively, making the IC50 equal to the inflection point of the
curve (95% confidence intervals for these values could also be obtained in R using the same
“drc” package). Similar dose-response curves were fitted to the data with the “drc” package;
however, given the baseline level of inhibition resulting from constant-level exposure to one
chemical, the model equations used to determine the IC50 of the mixture were not altered (i.e.,
maximum and minimum parameters were not changed). The resulting mixture IC50 values were
plotted on an isobologram as described by Steel & Peckham (1979), with the envelope of
additivity defined in the manner detailed by Okano et al. (1983). Briefly, three curves define this
area, known as Modes I, I(A) and I(B). The equations of single-chemical dose-response curves
are used to calculate values that make up these curves. A modified definition of how the curves
are determined, from Okano et al. (1983): Mode I line. When the dose of chemical A is chosen
there remains an increment in effect to be produced by chemical B. If two drugs were to act
independently, the addition is performed by taking the increment in doses, starting from zero,
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that give percent survivals which add up to 50%. Mode II(A) line. When the dose of Chemical A
is chosen, an isoeffect curve can also be calculated by taking the dose increment of Chemical B
that gives the required contribution to the toal effect up to the limit, in this case, IC50. Mode II(B)
line. Similarly, when the dose of Chemical B is chosen, an isoeffect curve can be calculated by
taking the dose increment of Chemical A that gives the required contribution to the IC50. Values
below the envelope of additivity are considered super-additive; values above this area are
considered sub-additive.
4.4 Results
Single chemical exposures. Exposure to a range of concentrations resulted in sigmoidal
dose-response curves for all chemicals tested (Figure 4.1). Of the chemicals tested, PFOS was
the most cytotoxic, followed by PFOA and PFHxS (whose IC50 values are approximately equal),
and PFHxA being the least cytotoxic (PFOS > PFOA/PFHxS >> PFHxA). The approximate IC50
values and their associated 95% confidence intervals (CI) are presented in Table 4.1.
Mixtures. Dose-response curves for each mixture were calculated and resultant IC50
values are presented in Table 4.2. The combination of doses resulting in the IC50 was then plotted
on an isobologram (Figure 4.2). Within the same isobologram plot, the Mode I, Mode II (A) and
Mode II (B) curves showing the envelope of additivity are present. Points below this area are
considered super-additive, sometimes called synergistic. Points above this area are suggestive of
sub-additivity, or inhibition. All mixtures except PFOA and PFOS were found to be additive,
while all values of PFOA and PFOS mixtures were suggestive of synergism.
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4.5 Discussion
As expected, PFOS was the most cytotoxic of the chemicals tested; indeed longer
molecules of both the acid and sulfonate forms were more cytotoxic than their shorter-chain
counterparts. This is consistent with past studies that found cytotoxicity to positively correlated
with perfluorinated carbon chain length (Kleszczyński et al., 2007). In addition, sulfonates are
notably more toxic than carboxylates, which has also been shown in vivo (Hoover et al., 2017 –
Chapter 2; Liu et al., 2014). Greater cytotoxicity of PFOS as compared to PFOA, while
consistent with most studies, is at odds with another in vitro study using human mammary
carcinoma cells, suggesting that model choice is an important consideration (Henry & Fair,
2011).
Mixture data plotted on isobolograms showed additivity for all combinations tested
except for the mixture of PFOA and PFOS. A mild super-additive effect (greater than additive)
can be seen in the data, at odds with findings reported by Hu et al. (2009), who found additive
effects when these two chemicals were combined. This is an important finding given that nearly
all contaminated sites have significant levels of both PFOA and PFOS. Summation of all PFASs
found at a contaminated site may not be sufficient to characterize the risk of exposure. Several
other curves (PFHxA and PFOA, PFHxS and PFOS) have individual points at or just outside the
outer limit of the envelope of additivity, bordering on sub-additivity. The majority of the curves,
however, still lie within the envelope and these relationships are considered to be additive. The
values reported for mixtures of PFHxS and PFOA all lie well within the envelope and this
mixture is also considered to be additive.
The mechanisms of toxicity for some PFASs have been examined and are believed to
center around disruption of the cell membrane and mitochondrial function in vitro (Kleszczyński
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et al., 2009). Other studies show endocrine disruption, with sex hormones, steroid hormones and
thyroid hormones being impacted by PFASs (Weiss et al., 2009; Du et al., 2012). Given the
documented response to thyroid hormone reported by Sinzelle et al. (2011), disruption of thyroid
signaling by PFASs may adversely affect cell growth – both cytotoxic and endocrine-disruption
mechanisms may be at work in this study. Further work looking at thyroid hormone-related
responses of this cell line when exposed to PFASs may help elucidate the mechanisms
responsible for the synergistic effect seen upon exposure to the mixture of PFOA and PFOS. In
vitro exposure has also been shown to trigger apoptotic activity, which could represent another
mechanism of toxicity in these amphibian cells (Kleszczyński et al., 2009).
For PFASs, the study of mixture toxicity is in its infancy. Chemical mixtures involving a
number of different sub-classes of PFASs used in production of food packaging, show the
potential for estrogenic effects, though potential synergism of the mixtures were not examined
(Rosenmai et al., 2016). A study by Rodea-Palomares et al. (2012) showed antagonism between
PFOS and PFOA, along with antagonism between PFASs and heavy metals. However, when
combined into complex mixtures, low concentrations of PFASs turned these effects to
synergism. These synergistic effects, combined with the results of this study, confirm that
mixtures involving PFASs may have the potential to elicit greater toxicity than the mixture
components alone may suggest.
4.6. Conclusions
Certainly, work remains to be done on PFAS mixtures, as this class encompasses a large
number of chemicals with important structural variations. However, the synergistic effects seen
due to the combination of two very common pollutants is an important finding. Additivity of the
remaining mixtures is also an important finding, suggesting that shorter-chain PFASs may not
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lead to as many toxic effects. Given that these results are supported by other literature, it seems
that this in vitro model provides us with useful insights to the toxicity of PFAS mixtures. Future
studies, striving to be more efficient and ethical in their use of resources (including live animals),
should consider in vitro models for toxicity studies.
4.7 References
Ahrens, L., Norstrom, K.,Viktor, T., Cousins, A. P. & Josefsson, S. 2015. Stockholm Arlanda
Airport as a source of per- and polyfluoroalkyl substances to water, sediment and fish.
Chemosphere, 129, 33−8, doi: 10.1016/j.chemosphere.2014.03.136.
Ankley, G. T., Kuehl, D. W., Kahl, M. D., Jensen, K. M., Butterworth, B. C. & Nichols, J. W.
2004. Partial life-cycle toxicity and bioconcentration modeling of
perfluorooctanesulfonate in the northern leopard frog (Rana pipiens). Environmental
Toxicology & Chemistry, 23 (11) 2745-2755, doi: 10.1897/03-667.
Beekman, M., Zweers, P., Muller, A., de Vries, W., Janssen, P. & Zeilmaker, M. 2016.
Evaluation of substances used in the GenX technology by Chemours, Dordrecht. National
Institute for Public Health and the Environment (RIVM, The Netherlands).
Carmichael, J., DeGraff, W. G., Gazdar, A. F., Minna, J. D. & Mitchell, J. B. 1987. Evaluation
of a Tetrazolium-Based Semiautomated Colorimetric Assay; Assessment of
Chemosensitivity Testing. Cancer Research, 47 (4), 936–942.
Delraso, N. J. 1993. In Vitro Methodologies for Enhanced Toxicity Testing. Toxicology Letters,
68 (1-2), 91–99, doi:10.1016/0378-4274(93)90122-e.

89
Du, G., Hu, J., Huang, H., Qin, Y., Han, X., Wu, D., Song, L., Xia, Y. & Wang, X. 2013.
Perfluorooctane Sulfonate (PFOS) Affects Hormone Receptor Activity, Steroidogenesis,
and Expression of Endocrine-Related Genes in Vitro and in Vivo. Environmental
Toxicology and Chemistry, 32 (2), 353–360, doi:10.1002/etc.2034.
Ellis, D. A., Martin, J. W., Silva, A. O., Mabury, S. A., Hurley, M. D., Andersen, M. P. &
Wallington, T. J. 2004. Degradation of Fluorotelomer Alcohols: A Likely Atmospheric
Source of Perfluorinated Carboxylic Acids. Environmental Science & Technology, 38
(12), 3316-3321, doi:10.1021/es049860w
Han, J. & Zhanqiang, F. 2010. Estrogenic Effects, Reproductive Impairment and Developmental
Toxicity in Ovoviparous Swordtail Fish (Xiphophorus Helleri) Exposed to
Perfluorooctane Sulfonate (PFOS). Aquatic Toxicology, 99 (2), 281–290,
doi:10.1016/j.aquatox.2010.05.010.
Henry, N. D. & Fair, P.A. 2011. Comparison Of in vitro cytotoxicity, Estrogenicity and AntiEstrogenicity of Triclosan, Perfluorooctane Sulfonate and Perfluorooctanoic Acid.
Journal of Applied Toxicology, 33 (4), 265–272, doi:10.1002/jat.1736.
Holmes, A. M., Creton, S. & Chapman, K. 2010. Working in Partnership to Advance the 3Rs in
Toxicity Testing. Toxicology, 267 (1-3), 14–19, doi:10.1016/j.tox.2009.11.006.
Hoover, G. M., Chislock, M. C., Tornabene, B. J., Guffey, S. C., Choi, Y. J., De Perre, C.,
Hoverman, J. T., Lee, L. S. & Sepúlveda, M. S. 2017. Uptake and depuration of four
per/polyfluoroalkyl substances (PFASs) in northern leopard frog Rana pipiens tadpoles.
Environmental Science & Technology Letters, 4 (10), 399-403, doi:
10.1021/acs.estlett.7b00339.

90
Hu, X.-Z. & De-Cong, H. 2009. Effects of Perfluorooctanoate and Perfluorooctane Sulfonate
Exposure on Hepatoma Hep G2 Cells. Archives of Toxicology, 83, (9), 851–861,
doi:10.1007/s00204-009-0441-z.
Jantzen, C. E., Toor, F., Annunziato, K. A. & Cooper, K. R. 2017. Effects of Chronic
Perfluorooctanoic Acid (PFOA) at Low Concentration on Morphometrics, Gene
Expression, and Fecundity in Zebrafish (Danio rerio). Reproductive Toxicology, 69, 34–
42, doi:10.1016/j.reprotox.2017.01.009.
Liou, J., Szostek, B., Derito, C., & Madsen, E. 2010. Investigating the biodegradability of
perfluorooctanoic acid. Chemosphere, 80, 176-183.
doi:10.1016/j.chemosphere.2010.03.009
Mann, R. M., Hyne, R. V., Choung, C. B., & Wilson, S. P. 2009. Amphibians and agricultural
chemicals: Review of the risks in a complex environment. Environmental Pollution, 157,
2903-2927. doi:10.1016/j.envpol.2009.05.015
Luque, N., Ballesteros-Gomez, A., van Leeuwen, S. & Rubio, S. 2010. Analysis of
perfluorinated compounds in biota by microextraction with tetrahydrofuran and liquid
chromatography/ion isolation-based iontrap mass spectrometry. Journal of
Chromatography A, 1217 (24), 3774−3782.
Kleszczyński, K., Gardzielewski, P., Mulkiewicz, E., Stepnowski, P. & Sklandanowski, A.C.
2007. Analysis of Structure–Cytotoxicity in Vitro Relationship (SAR) for Perfluorinated
Carboxylic Acids. Toxicology in Vitro, 21 (6), 1206–1211, doi:10.1016/j.tiv.2007.04.020.

91
Kleszczyński, K. & Skladanowski, A.C. 2009. Mechanism of Cytotoxic Action of Perfluorinated
Acids. Toxicology and Applied Pharmacology, 235 (2), 182–190,
doi:10.1016/j.taap.2008.11.021
Liu, C., Chang, V. W. C., Gin, K. Y. H. & Nguyen, V. T. 2014. Genotoxicity of Perfluorinated
Chemicals (PFCs) to the Green Mussel (Perna Viridis). Science of The Total
Environment, 487, 117–122, doi:10.1016/j.scitotenv.2014.04.017.
Martin, J. W., Mabury, S. A., Solomon, K. R. & Muir, D. C. 2003. Dietary accumulation of
perfluorinated acids in juvenile rainbow trout (Oncorhynchus mykiss). Environmental
Toxicology & Chemistry, 22 (1), 189−195.
Melzer, D., Rice, N., Depledge, M. H., Henley, W. E. & Galloway, T. S. 2010. Association
between serum perfluorooctanoic acid (PFOA) and thyroid disease in the U.S. National
Health and Nutrition Examination Survey. Environmental Health Perspectives, 118 (5)
686-692, doi: 10.1289/ehp.0901584.
Moody, C.A., Hebert, G.N., Strauss, S.H. & Field, J.A. 2003. Occurrence and persistence of
perfluorooctanesulfonate and other perfluorinated surfactants in groundwater at a firetraining area at Wurtsmith Air Force Base, Michigan, USA. Journal of Environmental
Monitoring, 5, 341–345, doi: 10.1039/B212497A
Okano, T., Ohnuma, T., Holland, J. F., Koeffler, H. P. & Jui, H. 1983. Effects of Harringtonine
in Combination with Acivicin, Adriamycin, L-Asparaginase, Cytosine Arabinoside,
Dexamethasone, Fluorouracil or Methotrexate on Human Acute Myelogenous Leukemia
Cell Line KG-1. Investigational New Drugs, 1 (2), 145-150, doi:10.1007/bf00172073.

92
Ren, X.-M., Qin, W.-P., Cao, L.-Y., Zhang, J., Yang, Y., Wan, B. & Guo, L.-H. 2016. Binding
Interactions of Perfluoroalkyl Substances with Thyroid Hormone Transport Proteins and
Potential Toxicological Implications. Toxicology, 366-367, 32–42,
doi:10.1016/j.tox.2016.08.011.
Rodea-Palomares, I., Leganés, F., Rosal, R. & Fernández-Piñas, F. 2012. Toxicological
Interactions of Perfluorooctane Sulfonic Acid (PFOS) and Perfluorooctanoic Acid
(PFOA) with Selected Pollutants. Journal of Hazardous Materials, 201-202, 209–218,
doi:10.1016/j.jhazmat.2011.11.061.
Rosenmai, A. K., Taxvig, C., Svingen, T., Trier, X., van Vugt-Lussenburg, B. M. A., Pedersen,
M., Lesné, L., Jégou, B. & Vinggard, A. M. 2016. Fluorinated Alkyl Substances and
Technical Mixtures Used in Food Paper-Packaging Exhibit Endocrine-Related Activity
in Vitro. Andrology, 4 (4), 662–672, doi:10.1111/andr.12190.
Salvalaglio, M., Muscionico. I. & Cavallotti, C. 2010. Determination of Energies and Sites of
Binding of PFOA and PFOS to Human Serum Albumin. Journal of Physical Chemistry B,
114 (46), 14860–14874, doi:10.1021/jp106584b.
Sinzelle, L., Thuret, R., Hwang, H.-Y., Herszberg, B., Paillard, E., Bronchain, O. J., Stemple, D.
L., Dhorne-Pollet, S. & Pollet, N. 2011. Characterization of a Novel Xenopus Tropicalis
Cell Line as a Model for In Vitro Studies. Genesis, 50, 316–324, doi:10.1002/dvg.20822.
Steel, G. G. & Peckham, M. J. 1979. Exploitable Mechanisms in Combined RadiotherapyChemotherapy: The Concept of Additivity. International Journal of Radiation
Oncology*Biology*Physics, 5 (1), 85–91, doi:10.1016/0360-3016(79)90044-0.

93
Thibodeaux, J. R., Hanson, R. G., Rogers, J. M., Grey, B. E., Barbee, B. D., Richards, J. H.,
Butenhoff, J. L., Stevenson, L.A. & Lau, C. 2003. Exposure to perfluorooctane sulfonate
during pregnancy in rat and mouse. I: maternal and prenatal evaluations. Toxicological
Sciences, 74 (2), 369-381, doi: 10.1093/toxsci/kfg121.
Weiss, J. M., Andersson, P. L., Lamoree, M. H., Leonards, P. E. G., van Leeuwen, S. P. J. &
Hamers, T. 2009. Competitive Binding of Poly- and Perfluorinated Compounds to the
Thyroid Hormone Transport Protein Transthyretin. Toxicological Sciences, 109 (2),
206–216, doi:10.1093/toxsci/kfp055.
Zhang, J., Kamstra, J. H., Ghorbanzadeh, M., Weiss, J. M., Hamers, T. & Andersson, P. L. 2015.
In Silico Approach To Identify Potential Thyroid Hormone Disruptors among Currently
Known Dust Contaminants and Their Metabolites. Environmental Science &
Technology, 49 (16), 10099–10107, doi:10.1021/acs.est.5b01742.
Zhang, X., Lohmann, R., Dassuncao,C., Hu, X.C., Weber, A.K., Vecitis, C.D. & Sunderland,
E.M. 2016. Source Attribution of Poly- and Perﬂuoroalkyl Substances (PFASs) in
Surface Waters from Rhode Island and the New York Metropolitan-Area. Environmental
Science & Technology Letters, 3 (9), 316−321, doi: 10.1021/acs.estlett.6b00255

94
Table 4.1. Inhibitory concentrations resulting in 50% reduction of absorbance at 560 nm
following MTT assay (IC50) with 95% confidence interval (CI) limits for each chemical.
Chemical
PFOS

IC50
212

95% CI Lower Limit
192

95% CI Upper Limit
231

PFOA

501

461

542

PFHxS

499

418

580

PFHxA

2,217

2,014

2,419
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Figure 4.1. Dose-response curves for each chemical individually. Concentration (in parts per
million, ppm) is plotted against relative survival, based on absorbance at 560 nm following MTT
assay.
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Table 4.2. Mixture concentrations resulting in 50% reduction of absorbance at 560 nm following
MTT assay (IC50). Concentrations listed with an asterisk (*) signify the concentration that was
kept constant across exposures (the corresponding value is determined from the resultant doseresponse curve). All concentrations are listed in parts per million (ppm).
Mixture
PFOS x PFOA

PFOS
0
39*
79*
118*
158*
211*

PFOS x PFHxS

0
90*
135*
196
211*

PFOA
501*
347
144
165
61
0

PFHxS

PFHxA

499*
359
343
116*
0

PFOA x PFHxS

0
87*
174*
260*
189
441
501*

PFOA x PFHxA

0
130*
260*
501*

499*
439
288
231
99*
50*
0
2217*
2199
1370
0
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Figure 4.2. Isobolograms of each binary mixture tested. Dose values on each axis are taken
relative to the appropriate single chemical IC50. Thicker, purple lines with round points
correspond to actual data points for each mixture. Blue, red, and green lines correspond to those
curves that define the “envelope of additivity” (see Steel & Peckham, 1979). Presence of points
below the envelope of additivity is suggestive of super-additivity, while points above this area
correspond with sub-additivity. The majority of points for the mixtures of PFOS and PFOA fall
below the envelope of additivity, while the other mixtures tend to stay within the envelope.
Values for mixtures of PFOS and PFHxS approximate the Mode II(A) isobole line; the majority
of points lie within the envelope and this mixture is still to be considered additive.
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CHAPTER 5. CONCLUSIONS & FUTURE RESEARCH DIRECTIONS

5.1 Toxicity Reference Values (TRVs)
One of the main goals of this project was to develop toxicity reference values for the
various PFASs in amphibians. Table 5.1 shows, by species and chemical, the TRVs determined
by this body of work.
Table 5.1. Toxicity Reference Values for four common PFASs on larval amphibians. Values
reported are for aqueous concentrations and units are µg/L or parts per billion (ppb).
Species

northern leopard frog

eastern tiger salamander

American toad

Rana pipiens

Ambystoma tigrinum

Anaxyrus americanus

Chemical NOAEL

LOAEL

NOAEL

LOAEL

NOAEL

LOAEL

PFOA

1000

>1000

<10

10

1000

>1000

PFOS

10

100

1000

>1000

1000

>1000

PFHxS

<10

10

<10

10

1000

>1000

6:2 FtS

1000

>1000

10

100

1000

>1000

Clearly, these values are species-specific, with toads being notably less sensitive than the other
species. This highlights the importance of testing multiple amphibian taxa, especially when
dealing with potential endocrine disruption: the differences in life history, especially aspects
such as length of larval period (or rate of development), can greatly impact susceptibility to
toxicity. Future studies should take into account any caveats imposed by such differences.
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5.2 Bioconcentration
Regardless of effects (or lack thereof) on the animals themselves, PFOS was notably able
to bioconcentrate in all species. This has significant implications as the amphibian either moves
into the terrestrial environment or is preyed upon. Bioaccumulation is a significant concern for
this chemical as it moves up trophic levels, especially to terrestrial animals (including humans)
where the elimination half-life moves from days or weeks to years.
The second point about bioconcentration unites Chapters 2 and 3 with Chapter 4:
bioconcentration can yield dry-weight body burdens within an order of magnitude of the doses
resulting in cytotoxicity. Further considering that PFAS concentrations are not uniform
throughout the body, it is conceivable that certain sites within the body may indeed reach the
concentrations that yield cytotoxic effects. Again, this problem is compounded by movement up
trophic levels. In areas of heavy environmental contamination, PFAS concentrations certainly
could, within biota, reach levels capable of significant damage – particularly to target organs
such as the liver and blood.
5.3 Future Research Directions
PFAS research is currently a hot topic, filling multiple sessions at major environmental,
toxicology, and chemistry conferences. The breadth of contamination, number of chemical
species, and potential effects are so numerous that this section has the potential to be very long
indeed. Within the facets examined here, the most pressing future research would look into two
main points: first, research into the mechanisms of toxicity, and second, into other related
chemicals. The effects reported here could have significant impacts on wild populations of
amphibians, but clarifying the mechanism is necessary to understanding the risk of exposure. For
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instance, if some of the toxic effects seen in salamanders are due to thyroid disruption, these
same effects may be seen at very low concentrations, much lower than those tested here. The
amount of mitigation or remediation that would need to occur in contaminated environments
would be extremely high. However, if cytotoxicity is the main culprit for the effects seen, higher
concentrations may be permissible. Considering other, related chemicals is, again, essential.
Especially around industrial sites, fluorochemical production plants and AFFF sites, it is not just
PFOA and PFOS that are of concern and being monitored. Indeed, the USEPA has included 4
additional PFASs as part of the Third Unregulated Contaminant Monitoring Rule. Many of the
shorter-chain species and branched versions are being used as replacement chemicals, but the
toxicity profiles are not being evaluated before the environmental risk is established. Another
example, the relatively new “GenX” is already measurable in drinking water in North Carolina,
yet virtually no toxicity research has taken place with this chemical. This is again why having
more rapid means of analyses (such as in vitro models) is so important.
5.4 Conclusions
Based on the studies described above, PFAS are an important group of anthropogenic
pollutants capable of causing toxicity to amphibians in the environment. Amphibian species with
longer larval periods seem most at-risk to aqueous exposures, and bioaccumulation occurs for
certain chemical species. Use of in vitro models for toxicity is important and valuable, including
demonstrating a mild synergy between two ubiquitous pollutants. In sum, these chemicals are
getting a lot of attention – attention which this dissertation suggest is warranted. It is my hope
that the studies included here will be used to make the solve problems about how to best manage
a common, problematic pollutant.
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